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Summary 
 
The common vole (Microtus arvalis) and the field vole (M. agrestis) are morphologically 
similar but they prefer different habitats. The common vole inhabits dry habitats, such as 
fields, dry meadows, fallow lands and even sand dunes. The field vole prefers more humid 
biotopes with dense vegetation cover, such as mid-forest meadows, edge of the forest, 
marshes. Differences in habitat preferences could influence the evolutionary history of both 
these species.   
 
During the Last Glacial Maximum (LGM, 27.5-19 kya; thousands of years ago; Clark et al. 
2009) the ice sheet covered a notable part of Poland, reaching Greater Poland, Kujawy, 
Pomeranian Lakes, Masurian Lake District and Suwałki Region (Wysota et al. 2002; Wysota 
et al. 2009). Unfavourable environmental conditions forced different animal species to retreat 
in southern glacial refugia located in three European Peninsulas – Iberian, Apennine and 
Balkan (Taberlet et al. 1998; Hewitt 1999). However, further studies provided evidence of 
refugia for several species further north in Europe, for instance in Dordogne region in France, 
in southern Great Britain, in Scandinavia or in the Carpathian Basin  (Stewart and Lister 
2001; Pazonyi 2004; Kotlík et al. 2006; Sommer and Nadachowski 2006; Herman et al. 
2014). Phylogeographic studies allows us to hypothesize probable routes of re-colonization of 
Europe from glacial refugia after last glaciation, based on variability of the mitochondrial 
cytochrome b sequence which allows to distinguish different phylogenetic lineages of 
different species (Avise 2000).   
 
The phylogeography of the common vole was well described for western Europe. Previously, 
five mtDNA lineages (based on mitochondrial DNA) have been described in Europe and they 
probably originated from five different refugia. The Western-South lineage could originate 
from a refugium located in the Iberian Peninsula, the Western-North lineage from a refugium 
located in central France, the Central lineage from a refugium located in the Alpine region, 
the Italian lineage from a refugium located in the Apennine Peninsula and the Eastern lineage 
from a refugium located in the Balkan Peninsula (Haynes et al. 2003; Tougard et al. 2008; 
Martínková et al. 2013). However, Bužan et al. (2010) revealed a new lineage of the common 
vole (named as ‘Balkan lineage’ according to the refugium from which it originated). It was 
then suggested that the Eastern lineage could have re-colonized Europe from a refugium 
located further east but this regions are inhabited by obscurus form which until recently was 
thought to be another mtDNA lineage of this species. Nowadays, M. arvalis obscurus is 
recognized as a distinct subspecies (Meyer et al. 1997; Haynes et al. 2003; Bulatova et al. 
2010). Another probable glacial refugium for the Eastern lineage was the Carpathian 
refugium, which was supported by fossil records of the common vole dated to the LGM 
period (Pazonyi 2004; Sommer and Nadachowski 2006). Moreover, the paleoecological 
analyses revealed that this species was present in the Carpathian Basin throughout the last 25 
kya continuously (Pazonyi 2004). However, the phylogeography of this rodent was not well 
studied in central and eastern Europe. In previous studies few samples from Poland, Slovakia, 
Hungary, Russia and Finland were used (Haynes et al. 2003) and it was recognized that in 
Poland, the Eastern lineage is present. In Poland, a suture zone of many contact zones of 
different lineages of different species was described and it is very likely that more than one 
mtDNA lineage of the common vole is present there. For instance, in Poland there are contact 
zones between different mtDNA lineages of the bank vole Clethrionomys glareolus (Wójcik 
et al. 2010) and the weasel Mustela nivalis (McDevitt et al. 2012).   
 
The phylogeography of the field vole in Europe is well studied in the whole species range. 
Three Evolutionary Significant Units (ESU) were described for this rodent – Southern, 
Northern and Portugal (Pauperio et al. 2012). The Portugese and Southern units’ ranges are 
limited to Iberian Peninsula, while Northern unit covers almost the rest of Europe. Within 
Northern unit six mtDNA lineages were found (Herman and Searle 2011) and two of them are 
present in Poland – the Western and Central-European lineages (Herman et al. 2014). The 
contact zone between these two lineages is located in south-western part of Poland. Both 
lineages probably re-colonized Poland from southern refugia (Herman et al. 2014).     
 
Analyses based on mtDNA suggested that the evolutionary history of the common and field 
vole was different. Studies of the common vole populations from western Europe based on 
different genetic markers (microsatellites DNA, mtDNA, Y chromosome) revealed that 
patterns of genetic diversity obtained from them are congruent (Heckel et al. 2005; Braaker 
and Heckel 2009; Martínková et al. 2013; Beysard and Heckel 2014). Similar results were 
obtained for the field vole (Beysard et al. 2012). Such analyses have not been conducted for 
voles from central and eastern Europe yet.        
 
The aim of this thesis was to conduct studies to (1) describe the full picture of the 
phylogeography of the common vole in Europe, mainly in central and eastern Europe, in 
reference to published data from western Europe; (2) establish, in reference to presence of the 
suture zone in Poland, how many and what mtDNA lineages of the common vole inhabit 
Polish territory; (3) test the hypothesis that the Eastern lineage of the common vole could 
survive the LGM in the Carpathian Basin; (4) describe genetic structure of the common and 
field vole in Poland, using microsatellite DNA and museum samples and (5) compare patterns 
of genetic diversity obtained for both species using different genetic markers.   
 
This PhD thesis expanded significantly the knowledge about the phylogeography of the 
common vole in Europe. In this study 311 newly collected samples (both museum and fresh) 
from 13 countries were used. Samples were collected in the area of the Carpathian refugium 
and its surroundings. Additionally, all European cytochrome b sequences deposited in the 
GenBank database were used. Studies showed that in Poland two mtDNA lineages of the 
common vole existed, the Central and the Eastern lineages. The contact zone between them is 
located in north-western Poland (Stojak et al. 2015; Stojak et al. 2016a). Moreover, analyses 
showed that the Eastern lineage had the widest range in Europe – it ranged from western 
border of Poland to the contact zone between arvalis and obscurus forms in the east and from 
Baltic in the north to the Balkans in the south, where the contact zone between the Eastern 
and the Balkan lineages occurred (Stojak et al. 2015; Stojak et al. 2016a).   
 
Studies also suggested that the Eastern lineage of the common vole could survive last 
glaciation in the Carpathian refugium (Stojak et al. 2015; Stojak et al. 2016a). Coalescent 
analysis conducted in BEAST revealed that the Eastern lineage differentiated earlier (around 
20 kya) than the Central lineage (around 13 kya; Stojak et al. 2016a). The time of the 
demographic expansion was calculated for the Eastern lineage for around 8 kya, while for the 
Central lineage for around 6 kya (Stojak et al. 2015; Stojak et al. 2016a). Additionally, 
analyses which allow the identification of hot spots of the genetic diversity were conducted. 
The locations of such hot spots are very likely to be congruent with the location of glacial 
refugia (Petit et al. 2003). In these analyses three indices were used - the values of the 
nucleotide diversity of the cytochrome b sequences obtained for analysed populations of the 
Eastern lineage (0.00067-0.01) and values of the allelic richness (4.49-7.47) and expected 
heterozygosity (0.768-0.916) obtained for microsatellite DNA of this species. All mentioned 
above showed that the highest genetic diversity across all populations of the Eastern lineage 
of the common vole were located in the Carpathian Basin (Stojak et al. 2016a).    
 
Microsatellite DNA analyses distinguished distinct genetic structure for both species of voles. 
In the common vole populations (FST=0.058; 95% CI: 0.042-0.077) two genetic groups were 
found, Eastern and Western groups, named according to their geographic distribution in 
Poland (Stojak et al. 2016b). In the field vole populations (FST=0.047; 95% CI: 0.040-0.055) 
also two genetic groups were found and their distribution in Poland is roughly similar to the 
groups of the common vole (Stojak et al. 2016b). It suggested that, in spite of differences in 
habitat preferences and different evolutionary history, these two species showed slightly the 
same pattern of the genetic diversity obtained using microsatellite DNA. What is more, 
patterns obtained from mtDNA and microsatellites, both in the common vole and field vole 
populations, are not congruent (Fig. 1). Therefore results suggested that factors other than 
evolutionary history had an influence on contemporary observed genetic diversity in both 
species, it could be for instance climatic or environmental factors. Wider microsatellite DNA 
analyses for the common vole populations from Russia, Czech Republic, Hungary, Slovenia 
and Serbia, conducted in this study, confirmed the genetic structure described in Poland 
(Stojak et al. 2016a). The distribution of genetic groups in both species suggested that big 
river corridors, which can be barriers to gene flow, could have a crucial influence on the 
observed genetic diversities of both species. In Poland it could be the Vistula river. Around 10 
kya the abrupt climate warming occurred and Poland was influenced by oceanic climate. The 
Vistula river corridor was built of sand dunes so it was changed continuously by wind and it 
was very deep and wide. The final stabilization of the river occurred probably around 9 kya 
(Starkel 1991). Additional microsatellite DNA analyses carried out for the common vole 
populations from the area below Carpathians showed that genetic structure in Hungary and 
proximities could be influenced by the Danube river. Climatic studies suggested that 
stabilization of river corridors located in Great Hungarian Plain could take much longer than 
in Poland (Starkel 1991).     
 
To conclude, phylogeographic analyses conducted in this PhD thesis revealed that the suture 
zone in Poland included also the contact zone between two mtDNA lineages of the common 
vole. Results confirmed the hypothesis that the Eastern lineage of the common vole could re-
colonized central and eastern Europe from the Carpathian refugium. These studies expanded 
significantly the knowledge about the phylogeography of these species in Europe, especially 
from regions not analysed before. Moreover, this study showed that patterns of genetic 
diversity in the common and field vole obtained using two different genetic markers (mtDNA 
and microsatellites) are not congruent. Undoubtedly more factors not only those presented in 
this thesis could have had an influence on the observed genetic structure, so it is highly 
advisable to conduct further analyses in this subject. It should be considered that presented 
PhD thesis expanded significantly the knowledge about the location of glacial refugia and the 
dynamics of re-colonization processes in Europe from refugial areas. It also allows us to 
understand how different small mammal species (not only the voles described in this study) 
can respond to climate change, and this could aid in forecasting how these species will 
respond to future changes.    
 
 
 
 
 
 
 
 
  
Fig. 1. Patterns of genetic structure obtained for the common and field vole using two 
different genetic markers – mitochondrial DNA and microsatellite DNA. Symbols on the 
contour map of Poland show which lineage/group is present in that area (C - Central, E – 
Eastern, CE - Central-European, W - Western, WG – Western Group, EG – Eastern Group). 
Discontinuous lines mark the schematic shape of the contact zones between the 
lineages/groups.   
 
 
 
Streszczenie 
 
Nornik zwyczajny (Microtus arvalis) i nornik bury (M. agrestis) są gatunkami podobnymi 
morfologicznie, ale preferują różne warunki środowiska. Nornik zwyczajny występuje na 
terenach suchych, takich jak pola uprawne, suche łąki, nieużytki czy nawet wydmy 
nadmorskie. Nornik bury preferuje porośnięte gęstą roślinnością wilgotne biotopy – śródleśne 
polany, obrzeża lasów, tereny podmokłe. Różnice te przekładają się na historię ewolucyjną 
obu gatunków.  
 
W najchłodniejszym okresie ostatniego zlodowacenia (27,5-19 tysięcy lat temu; Clark i in. 
2009) lodowiec pokrywał znaczną część Polski, zajmując Pojezierze Wielkopolskie, Kujawy, 
Pojezierze Pomorskie, Pojezierze Mazurskie i Suwalszczyznę (Wysota i in. 2002; Wysota i in. 
2009). Niekorzystne warunki środowiska spowodowały migrację różnych gatunków zwierząt 
na tereny refugiów, zlokalizowanych na obszarze trzech południowoeuropejskich półwyspów 
– Iberyjskiego, Apenińskiego i Bałkańskiego (Taberlet i in. 1998; Hewitt 1999). Późniejsze 
badania wykazały, że refugia występowały również na terenach zlokalizowanych na 
wyższych szerokościach geograficznych, m.in. w okolicach Dordogne na terenie Francji, w 
południowej części Wielkiej Brytanii, w Skandynawii czy refugium karpackie na obszarze 
Kotliny Panońskiej (Stewart i Lister 2001; Pazonyi 2004; Kotlík i in. 2006; Sommer i 
Nadachowski 2006; Herman i in. 2014). Filogeografia bada jakie były drogi ponownej 
kolonizacji terenów Europy z obszarów refugiów po wycofaniu się lodowca. W tym celu 
wykorzystuje się zmienność mitochondrialnej sekwencji cytochromu b, na podstawie której 
wyróżnia się poszczególne linie filogenetyczne gatunków (Avise 2000). 
 
Filogeografia nornika zwyczajnego została dobrze poznana dla terenów Europy zachodniej. 
Początkowo opisano w Europie pięć linii filogenetycznych, wywodzących się z różnych 
refugiów glacjalnych - linię zachodnio-południową wywodzącą się zapewne z półwyspu 
Iberyjskiego, linię zachodnio-północną pochodzącą z obszarów zlokalizowanych w centralnej 
Francji, linię centralną wywodzącą się z obszaru alpejskiego, linię włoską pochodzącą z 
półwyspu Apenińskiego i linię wschodnią, o której sądzono, że rekolonizowała Europę z 
półwyspu Bałkańskiego (Haynes i in. 2003; Tougard i in. 2008; Martínková i in. 2013). 
Jednakże Bužan i współpracownicy (2010) opisali nową linię tego gatunku (nazwaną linią 
bałkańską od lokalizacji refugium, z którego się wywodziła) i kwestia pochodzenia linii 
wschodniej nadal pozostawała nierozwiązana. Kolejna propozycja sugerowała, że linia ta 
mogła rekolonizować Europę z refugium zlokalizowanym na wschodzie, jednak tereny te 
zajęte są przez formę obscurus, którą do niedawna uznawano za linię filogenetyczną nornika 
zwyczajnego, a obecnie uznawana jest za podgatunek M. arvalis obscurus (Meyer i in. 1997; 
Haynes i in. 2003; Bulatova i in. 2010). Innym potencjalnym refugium pozostawało refugium 
karpackie, co zdają się potwierdzać materiały kopalne. Na terenie Kotliny Panońskiej opisano 
wiele skamieniałości nornika zwyczajnego, datowanych m.in. na okres maksimum ostatniego 
zlodowacenia (Pazonyi 2004; Sommer i Nadachowski 2006). Analizy paleoekologiczne 
ujawniły również, że gatunek ten był obecny na obszarze refugium karpackiego ostatnie 25 
tysięcy lat bez przerwy (Pazonyi 2004). Jednakże obszar Europy środkowej i wschodniej 
wciąż nie został należycie przeanalizowany pod względem filogeografii nornika 
zwyczajnego. We wcześniejszych badaniach wykorzystano jedynie pojedyncze próby z 
Polski, Słowacji, Węgier, Rosji i Finlandii (Haynes i in. 2003) i uznano, że w Polsce 
występuje jedna linia filogenetyczna tego gatunku (linia wschodnia). Pomimo tego można 
było zakładać, że na obszarze Polski, gdzie stwierdzono występowanie strefy wtórnego 
kontaktu u różnych gatunków ssaków (tzw. suture zone), może występować więcej linii 
filogenetycznych nornika zwyczajnego. Na przykład u nornicy rudej Clethrionomys glareolus 
(Wójcik i in. 2010) i łasicy Mustela nivalis (McDevitt i in. 2012) na obszarze Polski 
stwierdzono występowanie kilku stref kontaktu pomiędzy różnymi liniami filogenetycznymi. 
 
Filogeografia nornika burego w Europie jest poznana bardzo dobrze, w całym zasięgu 
występowania gatunku. Dla tego gryzonia opisano trzy ewolucyjne grupy (tzw. Evolutionary 
Significant Unit, ESU) - południową, północną i portugalską (Pauperio i in. 2012). Zasięg linii 
portugalskiej i południowej ograniczony jest do półwyspu Iberyjskiego, natomiast linia 
północna zajmuje niemal cały pozostały obszar Europy. Wewnątrz linii północnej wyróżniono 
sześć linii filogenetycznych (Herman i Searle 2011), a na obszarze Polski występują dwie z 
nich – linia zachodnia i linia centralno-europejska (Herman i in. 2014). Strefa kontaktu 
między tymi liniami zlokalizowana jest w południowo-zachodniej części kraju. Obie linie 
najprawdopodobniej rekolonizowały obszar Polski z refugiów południowych (Herman i in. 
2014).  
 
Analizy mtDNA zdają się zatem potwierdzać, że historia ewolucyjna obu gatunków była 
różna. Liczne analizy populacji nornika zwyczajnego z obszarów Europy zachodniej z 
zastosowaniem różnych markerów genetycznych (mikrosatelitarne DNA, mtDNA, 
chromosom Y) ujawniają, że ich wzorce zmienności pokrywają się (Heckel i in. 2005; 
Braaker i Heckel 2009; Martínková i in. 2013; Beysard i Heckel 2014). Podobne wyniki 
uzyskano w przypadku nornika burego (Beysard i in. 2012). Dotychczas nie przeprowadzono 
tego typu analiz dla populacji norników z Europy środkowej i wschodniej.   
 
Celem niniejszej rozprawy było przeprowadzenie szeroko zakrojonych badań zmierzających 
do (1) opisania pełnego obrazu filogeografii nornika zwyczajnego w Europie, głównie w 
Europie środkowej i wschodniej, w nawiązaniu do danych opublikowanych z Europy 
zachodniej; (2) sprawdzenia, w nawiązaniu do występowania na terenie Polski strefy 
wtórnego kontaktu (suture zone), ile i jakie linie filogenetyczne nornika zwyczajnego 
zasiedlają obszar Polski; (3) przetestowania hipotezy, że linia wschodnia nornika 
zwyczajnego mogła przetrwać ostatnie zlodowacenie na obszarze Kotliny Panońskiej; (4) 
opisania struktury genetycznej nornika zwyczajnego i nornika burego w Polsce, w oparciu o 
analizę mikrosatelitarnego DNA z wykorzystaniem prób muzealnych oraz (5) porównania 
wzorców zmienności genetycznej uzyskanej dla obu gatunków z wykorzystaniem różnych 
markerów genetycznych.  
 
Niniejsza rozprawa doktorska znacznie rozszerza wiedzę o filogeografii nornika zwyczajnego 
w Europie. W analizach wykorzystano 311 zebranych prób (muzealne i świeże) z 13 krajów, 
z terenu refugium karpackiego i jego okolic, oraz wszystkie europejskie sekwencje 
cytochromu b zdeponowane w bazie GenBank. Badania wykazały, że na terenie Polski 
występują dwie linie filogenetyczne nornika zwyczajnego, linia centralna i linia wschodnia. 
Strefa kontaktu między nimi zlokalizowana jest w północno-zachodniej Polsce (Stojak i in. 
2015; Stojak i in. 2016a). Analizy wykazały również, że linia wschodnia nornika 
zwyczajnego jest linią o największym zasięgu w Europie – jej zasięg ciągnie się od 
zachodnich granic Polski do strefy kontaktu między formami arvalis i obscurus na wschodzie 
oraz od Bałtyku na północy do Bałkanów na południu, gdzie znajduje się strefa kontaktu linii 
wschodniej i bałkańskiej (Stojak i in. 2015; Stojak i in. 2016a).  
 
Przeprowadzone badania sugerują również, że linia wschodnia nornika zwyczajnego mogła 
przetrwać ostatnie zlodowacenie w refugium karpackim (Stojak i in. 2015; Stojak i in. 2016a). 
Analiza BEAST wykazała, że linia wschodnia rozpoczęła różnicowanie się znacznie 
wcześniej (około 20 tysięcy lat temu) niż linia centralna (około 13 tysięcy lat temu; Stojak i 
in. 2016a). Czas rozpoczęcia ekspansji demograficznej został obliczony dla linii wschodniej 
na około 8 tysięcy lat temu, natomiast dla linii centralnej na około 6 tysięcy lat temu, co 
potwierdza zaobserwowaną w analizie BEAST tendencję (Stojak i in. 2015; Stojak i in. 
2016a). Dodatkowo wykonano analizy mające na celu identyfikację tzw. „gorących miejsc” 
(hot spots) zróżnicowania genetycznego, których lokalizacja prawdopodobnie pokrywa się z 
lokalizacją refugiów glacjalnych (Petit i in. 2003). W tych analizach wykorzystano wartości 
zróżnicowania nukleotydowego sekwencji cytochromu b uzyskane dla analizowanych 
populacji (0,00067-0,01) oraz wartości bogactwa allelicznego (4,49-7,47) i oczekiwanej 
heterozygotyczności (0,768-0,916) uzyskanych dla mikrosatelitów DNA. Wszystkie 
wymienione powyżej analizy wykazały, że największe zróżnicowanie genetyczne w 
populacjach nornika zwyczajnego linii wschodniej zlokalizowane jest na obszarze 
potencjalnego refugium karpackiego (Stojak i in. 2016a). 
 
Analizy mikrosatelitów DNA pozwoliły na wyróżnienie wyraźnej struktury genetycznej u obu 
gatunków norników. U nornika zwyczajnego (FST= 0,058; 95% CI: 0,042-0,077) wyróżniono 
dwie grupy genetyczne, grupę Wschodnią i Zachodnią, nazwane od ich geograficznego 
rozmieszczenia na terenie Polski (Stojak i in. 2016b). W przypadku nornika burego (FST= 
0,047; 95% CI: 0,040-0,055) również wyróżniono dwie grupy genetyczne, rozmieszczone na 
obszarze Polski niemal identycznie jak grupy u nornika zwyczajnego (Stojak i in. 2016b). 
Oznacza to, że pomimo różnych preferencji środowiskowych i odmiennej historii 
ewolucyjnej, oba gatunki wykazują ten sam wzorzec zmienności genetycznej uzyskanej z 
analizy mikrosatelitów DNA. Co więcej, wzorce zmienności uzyskane z mtDNA i 
mikrosatelitów, zarówno u nornika zwyczajnego, jak i nornika burego nie są zgodne (Ryc. 1). 
Wyniki te sugerują zatem, że na zaobserwowane współcześnie zróżnicowanie genetyczne u 
obu gatunków wpływ miały czynniki inne niż historia ewolucyjna, na przykład warunki 
klimatyczne i środowiskowe. Analizy mikrosatelitów DNA dla populacji nornika 
zwyczajnego z Rosji, Czech, Węgier, Słowenii i Serbii, wykonane w tej pracy, potwierdziły 
stwierdzoną w Polsce strukturę genetyczną (Stojak i in. 2016a). Rozmieszczenie grup 
genetycznych u obu gatunków sugeruje, że decydujący wpływ na zaobserwowane 
zróżnicowanie mogły mieć duże koryta rzeczne, stanowiące barierę dla przepływu genów. W 
Polsce barierę tę stanowić mogło koryto rzeki Wisły. Około 10 tysięcy lat temu, nastąpiło 
gwałtowne ocieplenie klimatu i Polska znalazła się pod wpływem klimatu oceanicznego. 
Koryto rzeki Wisły, zbudowane z piaskowych wydm, podlegało ciągłym zmianom, było 
bardzo głębokie i tworzyło szerokie rozlewiska. Stabilizacja rzeki szacowana jest na około 9 
tysięcy lat temu (Starkel 1991). Dodatkowe analizy wykonane dla populacji nornika 
zwyczajnego z obszarów zlokalizowanych poniżej Karpat ujawniły, że zaobserwowaną tam 
strukturę genetyczną kształtować mogło koryto rzeki Dunaj. Dane literaturowe wskazują, że 
w przypadku Wielkiej Niziny Węgierskiej stabilizacja koryt rzecznych trwała znacznie dłużej 
(Starkel 1991).  
 
Podsumowując, przeprowadzone w tej rozprawie doktorskiej analizy filogeograficzne 
ujawniły, że występująca w Polsce strefa wtórnego kontaktu obejmuje także strefę kontaktu 
pomiędzy dwoma liniami filogenetycznymi nornika zwyczajnego. Uzyskane wyniki 
potwierdzają hipotezę, że linia wschodnia tego gatunku mogła zasiedlić obszary Europy 
środkowej i wschodniej z refugium karpackiego. Badania te pozwoliły również na znaczne 
rozszerzenie obrazu filogeografii nornika zwyczajnego w Europie, szczególnie z obszarów do 
tej pory nieprzeanalizowanych. Ponadto badania wykazały, że w przypadku nornika 
zwyczajnego i nornika burego wzorce rozmieszczenia zróżnicowania genetycznego, uzyskane 
z wykorzystaniem dwóch różnych markerów genetycznych (mtDNA i mikrosatelity DNA) 
nie są zgodne. Niewątpliwie wpływ na obserwowaną strukturę genetyczną miało więcej 
czynników niż opisane w tej pracy, dlatego wskazanym byłoby prowadzenie dalszych badań 
w tym zakresie. Należy zauważyć, że obecna rozprawa doktorska znacząco poszerza wiedzę 
dotyczącą lokalizacji refugiów glacjalnych i dynamiki procesu rekolonizacji Europy z tych 
terenów. Pomaga także zrozumieć w jaki sposób różne gatunki małych ssaków (nie tylko 
opisanych w pracy norników) reagują na zmiany klimatu, co może być przełożone na 
prognozowanie odpowiedzi tych gatunków na przyszłe zmiany.  
 
 
  
 
Ryc. 1. Wzorce struktury genetycznej populacji nornika zwyczajnego i nornika burego 
uzyskane z wykorzystaniem dwóch markerów genetycznych – mitochondrialnego DNA i 
mikrosatelitów DNA. Symbole na mapie konturowej Polski wskazują która linia/ grupa 
genetyczna jest obecna na prezentowanym obszarze (C – Centralna, E – Wschodnia, CE – 
Centralno-europejska, W – Zachodnia, WG – grupa zachodnia, EG – wschodnia grupa). Linią 
przerywana zaznaczono schematyczny kształt stref kontaktu pomiędzy liniami/grupami 
genetycznymi.    
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There is now considerable evidence for the survival of temperate species within glacial refugia that were situated
at relatively high latitudes, notably the Carpathian Basin and Dordogne region in Europe. However, the
prevalence of fossil remains in such locations is rarely matched by molecular evidence for their contribution to
subsequent geographical and demographic expansion of the species in question. One obstacle to this has been
insufficient analysis of modern samples from the relevant areas, in particular the parts of eastern Europe that
surround the Carpathian refugium. In the present study, we examine the patterns of variation in mitochondrial
DNA of the common vole (Microtus arvalis), obtained from existing museum specimens and from newly-collected
samples obtained in this area. We show that common voles from one of six extant mitochondrial DNA lineages
have colonized most of the species’ range in eastern Europe. We contend that the post-glacial dispersal of this
lineage most likely originated from the Carpathian refugium, adding support to the argument that such northern
refugia made an important contribution to existing genetic diversity in Europe. © 2015 The Linnean Society of
London, Biological Journal of the Linnean Society, 2015, 115, 927–939.
ADDITIONAL KEYWORDS: cytochrome b – glacial refugia – Last Glacial Maximum – museum speci-
mens – phylogeography – small mammals.
INTRODUCTION
The Last Glacial Maximum (LGM), when the Vistu-
lian (Weichselian) ice sheets reached their greatest
extent, lasted from approximately 27 500 to 19 000
years BP (Clark et al., 2009). As a result of the
severe climatic conditions, many European plant and
animal species were restricted to refugial areas. The
most prevalent hypothesis places these refugia in the
three Mediterranean (Iberian, Apennine, and Bal-
kan) peninsulas (Taberlet et al., 1998; Hewitt, 1999).
However, when considering the re-colonization of the
northern and central parts of Europe after the LGM,
Mediterranean refugia may not have played such a
dominant role (Bilton et al., 1998). Fossil records
provide evidence of refugia for several mammal spe-
cies further north in mainland Europe, notably the
Carpathians in the east and the Dordogne region in
the west (Pazonyi, 2004; Sommer & Nadachowski,
2006).
The presence of refugial populations does not, how-
ever, mean that they contributed to the subsequent
re-colonization of the surrounding area. Indeed, for
small mammals in Europe, which are the focus of
the present study, there has been relatively little of
the fine-scale modern sampling around potential
northern refugia needed to make a strong case for
post-glacial expansion from these refugia (Kotlık
et al., 2006; Vega et al., 2010; Wojcik et al., 2010;
McDevitt et al., 2012; Herman et al., 2014a; Filipi
et al., 2015).*Corresponding author. E-mail: jstojak@ibs.bialowieza.pl
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Considering the Carpathian refugium, during the
latter stages of the Vistulian glaciation, the northern
part of Poland was covered by the Fennoscandian
ice-sheet. The ice-sheet gained its maximum size
during a short period from approximately 20 000–
18 800 years BP and by 14 500 years BP, it had been
entirely replaced by Arctic tundra (Wysota et al.,
2002; Wysota, Molewski & Sokołowski, 2009). The
presence of fossil remains in the Carpathian Basin,
situated to the south of Poland, indicates that it was
a refugial area for some temperate species during
this period (Pazonyi, 2004; Sommer & Nadachowski,
2006). These include brown bear (Ursus arctos), red
deer (Cervus elaphus), roe deer (Capreolus capreo-
lus), red fox (Vulpes vulpes), weasel (Mustela niva-
lis), pine marten (Martes martes), and the common
vole (Microtus arvalis).
Recent phylogeographical studies on several spe-
cies of small mammals from Poland have identified
multiple mitochondrial DNA (mtDNA) lineages in
this part of Europe. For example, three mtDNA lin-
eages (Carpathian, Eastern, and Western) of the
bank vole (Clethrionomys glareolus; Wojcik et al.,
2010), four lineages (Balkan, Carpathian, Western,
and Eastern) of the weasel (M. nivalis; McDevitt
et al., 2012) and two lineages (Central European and
Western) of the field vole (Microtus agrestis; Herman
et al., 2014a) are present in Poland. This phylogeo-
graphical ‘suture zone’ is therefore of considerable
importance to our understanding of changes in Euro-
pean mammal distributions and demography (Wojcik
et al., 2010; McDevitt et al., 2012). In particular, fur-
ther sampling in this region may clarify the role of
the high latitude Carpathian refugium in the post-
glacial re-colonization of Europe.
Another small mammal species from Poland, and
one that has been found in LGM fossil assemblages
in the Carpathians, is the common vole. It is wide-
spread in Europe and ranges from the Atlantic coast
of France to Central Asia (Amori et al., 2008)
(Fig. 1). It inhabits open grassland and farmland
habitats, from sea level to high altitudes (e.g. up to
2000 m in the Alps; Hausser, 1995). Two forms of
the common vole have been distinguished, occupying
the western and eastern parts of the overall range
(Fig. 1): the arvalis and obscurus forms, respectively.
The two forms differ cytogenetically and belong to
separate lineages, based on mitochondrial DNA
sequence data (Meyer et al., 1997; Haynes, Jaarola
& Searle, 2003; Jaarola et al., 2004; Bulatova et al.,
2010a, 2013; Bulatova, Potapov & Lavrechenko,
2010b). However, they form a hybrid zone, located in
central European Russia (Meyer et al., 1997; Bulat-
ova et al., 2010a, b) (Fig. 1). Given their respective
ranges, the present study is only concerned with ani-
mals that belong to the arvalis form.
Six mtDNA lineages have been identified in previ-
ous studies of the arvalis form (Fig. 1). There is the
Western–North lineage, with individuals from
France, Belgium, and the Orkney archipelago (Brit-
ish Isles); the Western–South lineage, including indi-
viduals from Spain and western France (Tougard
et al., 2008; Martınkova et al., 2013); the Central
lineage, consisting of voles from Switzerland, France,
Netherlands, Denmark, and Germany; and the Ital-
ian lineage, which is found in the southern part of
Switzerland and the northern part of Italy (Haynes
et al., 2003). However, not many samples from cen-
tral and eastern Europe have been analyzed to date.
The Eastern lineage from this region was described
from a few samples from Finland, Russia, Ukraine,
Poland, Slovakia, and Hungary. Buzan et al. (2010)
identified a distinct lineage (which they called the
‘Balkan lineage’) as a result of sampling from Slove-
nia, Bosnia Herzegovina, Montenegro, and Serbia.
Before this description of samples from the Balkan
region, Tougard et al. (2008) proposed that all of the
extant lineages originated from a location near the
border of France and Switzerland. However, we con-
sider that incomplete sampling within eastern Eur-
ope has misled this conclusion.
The present study aimed to describe the post-gla-
cial colonization history of the common vole in cen-
tral and eastern Europe and to determine whether
voles in areas surrounding the Carpathians provide
evidence of expansion from this particular refugium.
To this end, we obtained mitochondrial cytochrome b
sequences from throughout Poland. We used mtDNA
to take advantage of the considerable number of
sequences available from elsewhere in the species’
range. The availability of a reliable molecular clock
rate for calibration and its short coalescence time,
relative to that of nuclear gene sequences, make it
especially useful over the timescale under consider-
ation here (Pauperio et al., 2012; Hope et al., 2014).
Furthermore, Heckel et al. (2005) previously
reported very similar patterns of genetic structure in
mtDNA and nuclear DNA (microsatellites) from com-
mon voles.
The relationship of genetic variation to the timing
of external events is a fundamental part of any phylo-
geographical reconstruction and is generally achieved
by the application of an externally derived molecular
clock rate to the measured genetic variation. We have
used a substitution rate of 3.27 9 107 substitutions/
site year1 (equivalent to 65.4% Myr1). This rate
was inferred using 23 ancient DNA sequences from
radiocarbon-dated specimens of M. arvalis that were
recovered from archaeological sites from the Late
Neolithic period to the Viking age (Martınkova et al.,
2013). Molecular clock rates for intraspecific genetic
variation are known to decay, when measured over
© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, 115, 927–939
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Figure 1. Distribution of Microtus arvalis samples newly-sequenced for the present study (lower) and downloaded from
GenBank (upper) (Haynes et al., 2003; Tougard et al., 2008; Buzan et al., 2010; Martınkova et al., 2013). The brown area
shows the range of the species complex in Europe and the western part of Asia. The dotted line marks the contact zone
between the arvalis (westward) and obscurus (eastward) forms. Sampling localities are coloured according to the cyto-
chrome b lineage present there (Figs 2, 3). Locations numbered on the map of Poland (below) are listed in the Supporting
Information (Tables S1 and S2).
© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, 115, 927–939
POST-GLACIAL COLONIZATION OF MICROTUS ARVALIS 929
increasing timescales (Ho et al., 2011a), most likely
as a result of the effect of purifying selection on
mildly deleterious mutations. Fossil-based molecular
dating has been used in previous phylogeographical
studies of the common vole (Heckel et al., 2005; Tou-
gard et al., 2008), leading to entirely different conclu-
sions regarding the timescales for events in this
species. However, calibrations that are obtained by
including dated ancient DNA samples within genealo-
gies are much more recent and also more likely to be
correct than those obtained by aligning deep genea-
logical splits with dates from fossil evidence, when
considering population history over the last few thou-
sand years (Ho et al., 2011b). The importance of this
effect has been demonstrated in recent studies of a
related species in Europe, the field vole M. agrestis
(Herman & Searle, 2011; Herman et al., 2014a, b).
MATERIAL AND METHODS
We sampled from 102 museum pelts of the common
vole archived in the Mammal Research Institute of
the Polish Academy of Sciences in Białowie _za. These
were collected from different parts of Poland between
1960 and 1970 (Fig. 1; see also Supporting informa-
tion, Table S1). We also used 32 newly-collected sam-
ples of the common vole from central Poland,
comprising tail tips preserved in 98% ethanol (Fig. 1;
see also Supporting information, Table S2), and four
new samples from Ukraine.
Total genomic DNA was extracted using the Qiagen
DNeasy Tissue Kit in accordance with the manufac-
turer’s instructions. The amplification of the museum
samples and sequencing were carried out according to
the methods described by Wojcik et al. (2010).
Because of the particular dangers of contamination,
we included negative polymerase chain reaction con-
trols without template DNA for each batch of
museum samples. Primers were designed to amplify
the complete 1143 bp sequence of the mitochondrial
cytochrome b gene in four overlapping fragments,
each 300–350 bp in length. Degradation is not a prob-
lem in the case of the recently collected samples, and
so the amplification was carried out according to the
same protocol as the museum specimens but with
only two overlapping fragments, each 550–600 bp in
length, using a subset of the same primers. Details of
the primers, including their annealing temperatures,
are shown in the Supporting information (Table S3).
In addition to the sequences we obtained, we
downloaded the available sequences from other stud-
ies, representing all six lineages that had previously
been identified (Fig. 1; see also Supporting informa-
tion, Table S4). In all, we analyzed sequences from
609 individuals in the present study. The nucleotide
sequences were aligned and manually checked in
BIOEDIT, version 7.0.9 (Hall, 1999). The previously
available sequences varied in length, and so the com-
plete alignment was shortened to 1000 bp. The dis-
tribution of polymorphic nucleotide and amino acid
sites and the position of stop codons were determined
in DNASP, version 5.1 (Librado & Rozas, 2009),
using the method of Degli Esposti et al. (1993).
A network was constructed for all 609 sequences
in NETWORK, version 4.6, using a median-joining
(MJ) algorithm based on maximum parsimony (Ban-
delt, Forster & Rohl, 1999), to identify the overall
structure of the cytochrome b variation for the
newly-expanded dataset. Nucleotide diversity and
haplotype diversity were calculated for each of the
previously described lineages, using DNASP, version
5.1, to examine whether they are of broadly similar
age and history.
Bayesian genealogy sampling in BEAST, version
1.8 (Drummond et al., 2012), with all 609 sequences
and a coalescent model of evolution, was used to con-
firm the genetic structure and produce a posterior
distribution of the time to most recent common
ancestor (tMRCA) for each lineage of interest. The
analysis was carried out with a two-partition (first
and second codon positions linked, third separate)
HKY + Γ substitution model, which has been recom-
mended for protein-coding nucleotide data (Shapiro,
Rambaut & Drummond, 2005). A strict molecular
clock was compared with an uncorrelated lognormal
relaxed molecular clock (Drummond et al., 2006),
which allows for variation in rates among branches.
Constant population size, simple expansion growth,
and skyline (Drummond et al., 2005) demographic
models were also compared, to determine whether a
pattern of population size change could be identified.
For model selection, path sampling and stepping-
stone sampling (Baele, Lemey & Vansteelandt, 2013)
were used to estimate marginal likelihoods (MLEs)
with each model. MLEs were based on four indepen-
dent Monte Carlo Markov chain (MCMC) chains,
each comprising 1000 steps of 100 000 generations,
following 10 million generations burn-in. The mar-
ginal likelihoods were then used to obtain the Bayes
factor for each comparison, with preference of one
model over another determined using established cri-
teria (Kass & Raftery, 1995).
The above-mentioned molecular clock rate of
3.27 9 107 substitutions/site year1 was used to cal-
ibrate the genealogy and date the tMRCA for each
lineage. Posterior distributions of tMRCA and other
model parameters were obtained from four indepen-
dent MCMC simulations, each run for 200 million
generations, by which time the effective sample size
for each parameter was well over 200, which is gener-
ally considered adequate. Convergence of the chains
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was confirmed with TRACER, version 1.5 (Rambaut
& Drummond, 2007) and samples from the four
chains were combined. The genealogy, as represented
by the Maximum Clade Credibility (MCC) tree, was
viewed in FIGTREE, version 1.4.0 (http://tree.bio.e-
d.ac.uk/). The analyses were repeated without
sequence data to test the effect of the combined prior
distributions on the posterior distributions for each
parameter of interest.
ARLEQUIN, version 3.5.1.2. (Excoffier & Lischer,
2010) was used to calculate Fu’s (1997) FS and Taj-
ima’s (1989) D statistics, which can provide evidence
of recent population expansion, for each lineage. Mis-
match distributions of pairwise nucleotide differences
(Schneider & Excoffier, 1999) were calculated and
compared with expected values for an expanding pop-
ulation using the sum of squared deviations (SSD;
Rogers & Harpending, 1992). In each case, the signifi-
cance of the tests was determined from 1000 boot-
strap replicates. Time since expansion was also
estimated, for lineages that conformed to a population
undergoing such an expansion, based on all three of
the available tests (SSD, FS, and D). The relationship
Tau = 2ut (where t is the time subsequent to expan-
sion in units of 1/2u generations) was adopted, using
a generalized least squares approach adapted from
Rogers (1995), sensu Schneider & Excoffier (1999).
The substitution rate of 3.27 9 107 substitutions/
site year1 was applied and the generation time was
assumed to be 1 year (Martınkova et al., 2013). Time
since expansion was then calculated using the online
tool described by Schenekar & Weiss (2011).
To investigate the demography of the eastern
European lineages more closely, we again used the
Bayesian skyline model, a piecewise-linear function
of effective (in this case female) population size
against time, which provides a continuous recon-
struction of demographic history (Drummond et al.,
2005). Bayesian skyline plots were produced for the
Eastern and Central lineages, using separate simula-
tions in BEAST, version 1.8, followed by processing
of the resulting posterior parameter distributions
with TRACER, version 1.5.
RESULTS
All of the new cytochrome b sequences, from both
museum and contemporary specimens of the common
vole, were of high quality and no contaminations were
found in the negative controls. There were no stop co-
dons present, other than the final codon defined by
nucleotide sites 1141–1143. The new sequences con-
tained 89 polymorphic sites, 54 of which were phylo-
genetically informative. In both the museum and
fresh samples, the proportion of variable sites at each
codon position showed the characteristic pattern for a
functional gene, with most of the variation in third
codon positions (Table 1). There were also no differ-
ences in the number of polymorphic amino acids
among the three domains, between the samples from
each source. Together, the patterns suggest that
these are functional mitochondrial gene sequences
and that variation in those obtained from museum
specimens was not attributable to the potential deg-
radation of DNA in such material (Degli Esposti
et al., 1993; Gilbert et al., 2003; Wojcik et al., 2010).
There were 59 new haplotypes among the 138 new
sequences from Poland and Ukraine. Their localities
and GenBank accession numbers are listed in the
Supporting information (Tables S1 and S2). Combin-
ing these new sequences with those from GenBank
resulted in a dataset with 238 haplotypes among 609
sequences. There were 237 polymorphic sites in the
complete alignment, 162 of which were phylogeneti-
cally informative.
The six previously described lineages could be iden-
tified within the MJ network (Fig. 2) . In the MCC
tree, obtained by means of Bayesian genealogy sam-
pling, the six lineages were well-supported (posterior
probabilities 0.99 or 1.0) and these were grouped into
three further clades (Fig. 3). The Balkan lineage was
in a distinct clade of its own. The Central, Eastern,
and Italian lineages formed a second clade, however
the branch for the latter lineage was not well-sup-
ported. The Western–North and Western–South lin-
eages were grouped together in a third clade. The
new sequences from Poland belong to two lineages
Table 1. Distribution of polymorphic nucleotide (upper)
and amino acid (lower) sites in the Microtus arvalis cyto-
chrome b sequences
Proportion of sites that are polymor-
phic
Museum specimens
(N = 102)
Newly-collected
samples (N = 32)
Codon position
First 0.04 (15/380) 0.01 (4/380)
Second 0.01 (2/380) 0.01 (2/380)
Third 0.16 (60/380) 0.08 (30/380)
NS
Protein domains
Transmembrane 0.03 (6/188) 0.03 (5/188)
Intermembrane 0.03 (3/114) 0.01 (1/114)
Matrix 0.08 (6/78) 0 (0/78)
NS
NS, not significant after an exact Fisher-Freeman-Halton
test.
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within the same clade, the Central and Eastern, and
the contact zone between them is located in the
north-western part of Poland (Fig. 1).
Measures of nucleotide diversity (range 0.0049–
0.0090) and haplotype diversity (range 0.924–0.961)
were similar in all of the six lineages (Table 2), sug-
gesting that they are of broadly similar age and his-
tory. Using Bayesian genealogy sampling, calibrated
with the molecular clock rate described above and
using the relaxed molecular clock that was preferred
over the strict clock [model test Bayes Factor
(BF) = 33.5], the root of the tree was dated to approx-
imately 64 000 years BP [with an upper 95% highest
posterior density (HPD) limit of 101 000 years BP]
(Table 3). The two Western lineages had similar
median tMRCAs of approximately 23 000 years BP
(with 95% HPD ranges from approximately 37 000 to
12 000 years BP) (Table 3), whereas the Italian and
Balkan lineages had more recent tMRCAs of 12 500
years BP (95% HPD: 19 900 to 6100 years BP) and
15 500 years BP (95% HPD: 26 600 to 6700 years
BP). The primary lineages of interest for the present
study, the Eastern and Central lineages, had similar
median tMRCA estimates of 18 600 years BP (95%
HPD: 27 000 to 11 100 years BP) and 14 300 years
BP (95% HPD: 20 700 to 8000 years BP), respectively
(Table 3). However, no firm conclusions about the rel-
ative ages of any of these lineages can be drawn from
these estimates, given the overlap in their 95% high-
est posterior densities.
The marginal likelihood estimates for the skyline,
expansion growth, and constant size demographic
models, using the whole species genealogy, were
7708.9, 7826.9, and 7865.5, respectively. Bayes
factors for the comparisons between them indicate
that the skyline model was strongly preferred over
the expansion model (BF 118.9), which was in turn
strongly favoured over the constant size model (BF
Figure 2. Median-joining network of cytochrome b haplotypes of Microtus arvalis, coloured according to lineage (violet,
Western–South; green, Western–North; yellow, Central; pink, Eastern; orange, Italian; blue, Balkan). The diameter of the
circles represents the number of sampled individuals with that haplotype. Red spots indicate unsampled intermediate
haplotypes.
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38.6). This can be taken as evidence for demographic
expansion in the species as a whole and that this can
be recovered more accurately with the skyline model
than with a simpler model of growth.
Five of the six lineages appear to have contributed
to this demographic expansion because they each
conformed to the model of expansion, based on the
sum of square deviations in the mismatch analysis,
and only the Western––South lineage did not do so
(Table 2). However, only three of the lineages (Cen-
tral, Eastern, and Western–North) had significant
Tajima’s D and Fu’s FS values, reflecting an excess
of rare mutations compared to the expectation under
a constant population size. Based on the mismatch
analysis, the two lineages from north-eastern Eur-
ope had similar estimates for time since expansion
(Table 2). The Eastern lineage began to expand
8900 years BP (95% confidence interval = 22 300 to
3900 years BP) and the Central lineage 8600 years
BP (95% confidence interval = 12 100 to 4000 years
BP).
Looking in more detail at the demographic history
of the Eastern and Central lineages, which are those
of particular interest here, the Bayesian skyline plots
of effective female population size do not show any
sign of population expansion until approximately
10 000 years BP, when they both began to increase
in size until the present day (Fig. 4). The apparent
terminal fall in effective population size, close to the
present day, may be an artefact resulting from struc-
ture within the genealogies, as described by Heller,
Chikhi & Siegismund (2013).
DISCUSSION
A large number of M. arvalis samples have been
analyzed in previous studies, resulting in various
conclusions regarding the location of refugia at the
LGM and the subsequent pattern of re-colonization
(Haynes et al., 2003; Heckel et al., 2005; Tougard
et al., 2008; Buzan et al., 2010). Nevertheless, rela-
tively few of these samples were obtained from
regions close to the Carpathian Basin and eastern
Europe, an area that provided an LGM refugium for
mammals and other animals and plants, based on
fossil evidence (Pazonyi, 2004; Sommer & Nadachow-
ski, 2006).
Using our new cytochrome b data from Poland, we
have confirmed the previously identified phylogeo-
Figure 3. Microtus arvalis cytochrome b genealogy. Maximum clade credibility tree for 609 sequences, one of 7200 trees
re-sampled from 720 million post-burn-in generations of Bayesian genealogy sampling. A substitution rate of 3.27 9 107
substitutions/site year1 was used to calibrate the genealogy. Grey bars show 95% highest posterior density intervals for
time to most recent common ancestor of each lineage. Posterior probabilities of basal nodes indicate support (≥ 0.95) for
each of the six named clades (B, Balkan; I, Italian; C, Central; E, Eastern; WN, Western–North; WS, Western–South) and
for higher level lineages.
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graphical structure for M. arvalis (Figs 2, 3), which
includes six distinct and well-supported lineages.
Measures of genetic diversity were similar in all six
lineages that form the species (Table 2) and our
genealogy sampling demonstrated that each of these
had similar times of common ancestry. The use of a
reliably calibrated molecular clock rate (Martınkova
et al., 2013) indicated that the times of common
ancestry for each of these lineages broadly coincide
with the LGM or more recent events towards the
end of the last (Vistulian or Weichselian) glaciation.
In a previous study, Tougard et al. (2008) obtained
much earlier tMRCAs for the common vole lineages,
between 317 000 and 75 000 years BP; however,
their Bayesian genealogy was calibrated by the asso-
ciation of dated fossils with deeper divergence, a
method that is now considered inappropriate for
intraspecific genetic variation (Herman & Searle,
2011; Ho et al., 2011a; Martınkova et al., 2013).
We found two of the previously defined lineages
(Haynes et al., 2003; Heckel et al., 2005; Tougard
et al., 2008; Buzan et al., 2010), the Central and
Eastern, in the area that is now Poland (Fig. 1). The
Central lineage was obtained from eight locations in
the north-western part of the country but is other-
wise distributed westwards through Germany, Den-
mark, Belgium, Netherlands, and Switzerland
(Fig. 1). The majority of Polish individuals sequenced
in the present study belonged to the Eastern lineage
(Fig. 1), which is also widely distributed, although
eastwards and southwards in the western part of
Russia, Finland, Ukraine, Czech Republic, Slovakia,
Hungary, Slovenia, Serbia, and Bosnia Herzegovina.T
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Table 3. Time to most recent common ancestor (tMRCA)
for the whole Microtus arvalis dataset and for the six
cytochrome b lineages separately, as well as median and
95% highest posterior density (HPD) range of times esti-
mated from 720 million post-burn-in generations obtained
from four independent Monte Carlo Markov chain simula-
tions in BEAST
95% HPD
lower limit
(years BP)
Median
(years BP)
95% HPD
upper limit
(years BP)
Tree root 39 209 64 035 100 680
Eastern 11 092 18 629 26 956
Central 7 993 14 255 20 712
Western–North 12 737 23 735 36 219
Western–South 12 114 23 422 37 340
Italian 6 123 12 482 19 869
Balkan 6 744 15 534 26 587
A molecular rate of 3.27 9 107 substitutions/site year1
(equivalent to a divergence rate of 65.4% Myr1) was
used to calibrate the genealogy sampling.
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Figure 4. Bayesian skyline plots showing demographic change in the Eastern (upper) and Central (lower) lineages of
Microtus arvalis. Estimates of the effective female population size (Nef) are shown on a log scale against time going
backwards since the present. The thick solid line indicates the median estimate of effective female population size and
the grey areas represent the 95% highest posterior densities. A substitution rate of 3.27 9 107 substitutions/site year1
was used.
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Based on the mismatch analysis, the demographic
expansion of both the Eastern and Central lineages
began approximately 9000 years BP (Table 2). Simi-
larly, the Bayesian skyline plots for these two lin-
eages (Fig. 4) suggest that their effective female
population sizes both began to increase from approxi-
mately 10 000 years BP and this has continued until
the present day. This is consistent with expansion
following a contraction at the final cold phase of the
last glaciation, the Younger Dryas, approximately
12 900 to 11 700 years BP (Herman & Searle, 2011).
Fossil evidence shows that the common vole was
continually present in the Carpathian Basin over the
last 25 000 years (Pazonyi, 2004). Furthermore, there
are fossils of the species dated to the LGM from the
Mamutowa and Deszczowa caves in southern Poland
itself (Sommer & Nadachowski, 2006). Although this
indicates that the species persisted in these relatively
northern locations during the LGM, this does not in
itself demonstrate that animals from these locations
contributed to the current population of the species.
However the present-day distributions of the Central
and Eastern lineages in Poland provide important
clues to the origin of the latter. The Eastern lineage
is found close to the Carpathian region, whereas the
Central lineage is found much closer to the Alps, from
where it is proposed to have originated (Braaker &
Heckel, 2009; Beysard & Heckel, 2014). Expansion
from the Carpathian refugium simply offers the most
parsimonious explanation for the distribution of the
Eastern lineage, which now occupies central and east-
ern parts of northern Europe (Fig. 1), given the cur-
rent absence of any late glacial fossil evidence from
other locations within this range.
It is also important to consider other possible loca-
tions for the source of the Eastern lineage. First, it is
possible that it could have originated from a refu-
gium in the Caucasus, or even further east in the
Ural Mountains. These areas are currently inhabited
by common voles of the obscurus form. The arvalis
form itself occurs further west and the hybrid zone
between the two forms is located in the Vladimir
Region of central European Russia (Fig. 1). Fossils
from Crimea have been referred to obscurus and it
has been suggested that the form re-colonized east-
ern Europe from this region (Markova, 2000, 2011).
It appears unlikely that the Eastern lineage origi-
nated from a south-eastern refugium because this
would be located well within the current range of the
obscurus form.
It is also possible that the Eastern lineage of the
common vole originated from a refugium in the Bal-
kans. Indeed, Haynes et al. (2003) and Heckel et al.
(2005) have previously proposed that the Eastern
lineage re-colonized central and eastern Europe from
the Balkan Peninsula, based on the few samples
from this region that were available to them. Stud-
ies on other mammals have revealed that substan-
tial northward colonization has occurred from a
Balkan refugium (McDevitt et al., 2010, 2012). How-
ever, Buzan et al. (2010) obtained new M. arvalis
samples from the Balkans and described a distinct
lineage there. This is confirmed by our present study
because we also found a well-supported split
between the Balkan and other lineages (Figs 2, 3).
The geographical range of this Balkan lineage is
limited to the western Balkans (Fig. 1), where sev-
eral endemic small mammals are also present
(Krystufek & Reed, 2004). It is possible that the
Eastern lineage arose in the same area, and this
could explain the occurrence of some Eastern lineage
individuals there at the present time (Fig. 1) (Buzan
et al., 2010). However, the Eastern and Balkan lin-
eages are not closely related and it is not clear how
the two lineages may have originated in the same
area. Instead, their occurrence together in the wes-
tern Balkans may merely reflect the mixing of a
lineage from the Balkans and a lineage from the
Carpathians after coming in contact at the end of
the last glaciation. This has previously been demon-
strated in central Europe where the post-glacial mix-
ing of the Central and Italian lineages with the
divergent Western lineages has occurred over a rela-
tively small geographical area (Braaker & Heckel,
2009; Beysard & Heckel, 2014).
Based on the mitochondrial cytochrome b variation
that we and others have described, together with the
presence of distinct arvalis and obscurus kar-
yomorphs, the common vole might be considered to
form a species complex, as is the case for the closely
related field vole, M. agrestis, which is composed of
three evolutionary significant units (ESUs) that are
close to speciation (Pauperio et al., 2012). Their exis-
tence was convincingly demonstrated using several
different analyses of the genetic variation at seven
loci, with three modes of inheritance (matrilineal,
patrilineal, biparental), from animals across the
range of the species in Europe. Although some pro-
gress has been made with understanding the rela-
tionships between the different forms in the common
vole complex (Braaker & Heckel, 2009), as yet there
is no comprehensive study like that in the field vole
over the whole distribution of the complex.
Despite the lack of range-wide data from other
genetic markers in the common vole, there are com-
prehensive data for mitochondrial cytochrome b vari-
ation in both of these vole species. Although there
are general similarities in the patterns of mitochon-
drial variation that are present in the common and
field vole, because the ranges of both are subdivided
into a series of distinct mitochondrial lineages, these
appear to have different origins and history in each
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of the two species. Six of the eight extant field vole
lineages were formed in isolated locations around
northern Europe, as the result of population bottle-
necks at the time of the Younger Dryas glacial re-
advance (Herman & Searle, 2011; Herman et al.,
2014a, b). The distribution of these field vole lineages
overlap with the northern lineages of M. arvalis
(Western–North, Eastern, and Central). Although
the tMRCAs have wide 95% HPD ranges (Fig. 3), the
timings coincide better with an LGM origin rather
than a Younger Dryas origin for the present-day
common vole population of northern Europe, includ-
ing the north-eastern European area that interests
us here. This is of course consistent with the avail-
able fossil evidence for the two species because only
the common vole has been found in the northern
refugia of the Carpathian region (Pazonyi, 2004;
Sommer & Nadachowski, 2006). Although we con-
sider that the Eastern and Central lineages of M. ar-
valis originated before the Younger Dryas, there was
apparently a contraction during that late cold phase,
with a signal of expansion thereafter (see above).
An explanation for this different history between
M. agrestis and M. arvalis may be found in the ecol-
ogy of the two voles. Both are grassland species fre-
quently found in the same areas but generally
associated with somewhat different habitats. The
common vole usually inhabits more heavily grazed
and open areas, including farmlands, and so its evo-
lutionary history has been strongly influenced by
anthropogenic factors and human population move-
ments. For example, an isolated common vole popu-
lation was introduced to the Orkney archipelago,
situated to the north of the British mainland, from
France or Belgium by Neolithic people (Martınkova
et al., 2013). By contrast, the field vole occurs in
more humid environments such as meadows, field
borders, marshes or river banks, and, in farmland, it
is generally restricted to marginal areas with more
dense vegetational cover (Krystufek et al., 2008).
Perhaps their different response to the climatic
events of the last glaciation may relate to a higher
tolerance of common voles to the cold and dry condi-
tions of sub-Arctic habitats.
CONCLUSIONS
There is currently substantial fossil evidence available
indicating that numerous species of temperate mam-
mals were able to survive at relatively high latitudes
during glacial periods (Pazonyi, 2004; Sommer & Na-
dachowski, 2006). Our molecular data on the common
vole implicating the Carpathians as an LGM refugium
fits well with that fossil evidence, and with an increas-
ing number of phylogeographical studies on mammals
and other taxa (McDevitt et al., 2012; Cornille et al.,
2013; Wielstra, Babik & Arntzen, 2015). For the com-
mon vole, further sampling is needed for a balanced
coverage around the Carpathians, allowing an in-depth
analysis of genetic diversity throughout the Eastern
lineage. Nevertheless this, as with other systems, is
helping to provide a definitive case for the Carpathians
as a northern glacial refugium (Bilton et al., 1998).
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Table S1. List of museum specimens of Microtus arvalis newly sequenced for this study, including site of origin. 
Sequence 
label 
Sample no. Location Latitude (N) Longitude (E) Map reference 
(see Fig. 1) 
Cytochrome b 
lineage 
GenBank 
Accession 
Number 
PRZYB1 28 Przyborów 49.62 19.39 1 Eastern KP255535 
PRZYB2 56524 Przyborów   1 Eastern KP255503 
RZEP1 21307 Rzepin 52.34 14.83 2 Eastern KP255497 
RZEP2 21372 Rzepin   2 Eastern KP255498 
RZEP3 21373 Rzepin   2 Eastern KP255499 
POM1 27236 Pomorze 52.87 20.69 3 Eastern KP255501 
POM2 27426 Pomorze   3 Eastern KP255502 
POM3 27372 Pomorze   3 Eastern KP255500 
MIKSZ1 29860 Mikaszówka 53.89 23.40 4 Eastern KP255504 
MIKSZ2 29976 Mikaszówka   4 Eastern KP255505 
ZYTK1 30842 Żytkiejmy 54.35 22.70 5 Eastern KP255508 
ZYTK2 30689 Żytkiejmy   5 Eastern KP255507 
ZYTK3 30175 Żytkiejmy   5 Eastern KP255506 
SPN1 37139 Świętokrzytski PN 50.9 20.93 6 Eastern KP255511 
SPN2 37147 Świętokrzytski PN   6 Eastern KP255509 
SPN3 37161 Świętokrzytski PN   6 Eastern KP255510 
ILA1 38321 Iława 53.59 19.56 7 Eastern KP255512 
ILA2 38322 Iława   7 Eastern KP255514 
ILA3 38621 Iława   7 Eastern KP255513 
WLAS2 38931 Wierzchlas 51.2 18.66 8 Eastern KP255515 
RAJ1 39456 Rajgród 53.73 22.70 9 Eastern KP255516 
CIS1 40879 Bieszczady 49.21 22.32 10 Eastern KP255518 
Continuation of Table S1 
 
CIS2 40918 Bieszczady   10 Eastern KP255519 
CIS3 40970 Bieszczady   10 Eastern KP255517 
CZB1 43763 Cz. B-stocka 53.30 23.29 11 Eastern KP255520 
KAD1 43906 Kadyny 54.30 19.49 12 Eastern KP255521 
KAD2 46977 Kadyny   12 Eastern KP255527 
KAD3 47066 Kadyny   12 Eastern KP255528 
KAD4 KAD4 Kadyny   12 Eastern KP255522 
RYJ1 43943 Ryjewo 53.84 18.96 13 Eastern KP255523 
SWIE1 44821 Świerzawa 51.01 15.89 14 Eastern KP255526 
SWIE2 45054 Świerzawa   14 Eastern KP255524 
SWIE3 46997 Świerzawa   14 Eastern KP255525 
GI1 47850 Górowo Iławieckie 54.28 20.49 15 Eastern KP255529 
GI2 48332 Górowo Iławieckie   15 Eastern KP255530 
GI3 48334 Górowo Iławieckie   15 Eastern KP255531 
PLK1 48649 Pułkownikówka 54.23 18.98 16 Eastern KP255532 
PLK2 48639 Pułkownikówka   16 Eastern KP255533 
PLK3 48610 Pułkownikówka   16 Eastern KP255534 
KRZY1 56687 Krzystkowice 51.80 15.23 17 Eastern KP255536 
DARZ1 59684 Darżlubie 54.7 18.32 18 Eastern KP255537 
DARZ2 59699 Darżlubie   18 Eastern KP255538 
DARZ3 59770 Darżlubie   18 Eastern KP255539 
SKRAK1 60534 Stary Kraków 54.44 16.62 19 Eastern KP255540 
SKRAK2 60566 Stary Kraków   19 Central KP255541 
BOB1 60700 Bobolice 53.95 16.59 20 Central KP255542 
BOB2 60731 Bobolice   20 Central KP255543 
 
Continuation of Table S1 
 
TRZEB1 61076 Trzebieszki 53.36 16.61 21 Central KP255544 
TRZEB2 61074 Trzebieszki   21 Central KP255545 
TRZEB3 61142 Trzebieszki   21 Eastern KP255546 
ZLOC1 61143 Złocieniec 53.53 16.01 22 Central KP255547 
ZLOC2 61205 Złocieniec   22 Eastern KP255548 
ZLOC3 68749 Złocieniec   22 Central KP255549 
MDZCH1 69891 Międzychód 52.59 15.89 23 Central KP255552 
MDZCH2 69820 Międzychód   23 Eastern KP255550 
MDZCH3 70025 Międzychód   23 Central KP255551 
BOGD1 71501 Bogdaniec 53.95 16.58 24 Eastern KP255553 
BOGD2 71589 Bogdaniec   24 Eastern KP255555 
BOGD3 71569 Bogdaniec   24 Central KP255554 
WSCH1 77077 Wschowa 51.8 16.31 25 Eastern KP255556 
WSCH3 77206 Wschowa   25 Eastern KP255559 
WSCH4 77231 Wschowa   25 Eastern KP255557 
WSCH5 77298 Wschowa   25 Eastern KP255558 
BOLE1 77747 Bolewice 52.40 16.12 26 Eastern KP255561 
BOLE2 77779 Bolewice   26 Central KP255560 
BOLE3 77891 Bolewice   26 Central KP255562 
KO1 78735 Krosno Odrzańskie 52.05 15.09 27 Eastern KP255563 
KO2 78738 Krosno Odrzańskie   27 Eastern KP255565 
KO3 78823 Krosno Odrzańskie   27 Eastern KP255566 
KO4 79018 Krosno Odrzańskie   27 Eastern KP255564 
SZPROT1 79953 Szprotawa 51.57 15.54 28 Eastern KP255567 
ZIEL1 88148 Zielona 49.95 18.61 29 Eastern KP255568 
 
Continuation of Table S1 
 
ZIEL2 88204 Zielona   29 Eastern KP255569 
ZIEL3 88246 Zielona   29 Eastern KP255570 
ROGAL1 88621 Rogalice 50.96 17.61 30 Eastern KP255571 
GSZCZ1 89193 Goszcz 51.40 17.48 31 Eastern KP255572 
GSZCZ2 89217 Goszcz   31 Eastern KP255573 
GSZCZ3 89240 Goszcz   31 Eastern KP255574 
WISN1 92389 Wiśniowa 49.78 20.11 32 Eastern KP255575 
WISN2 92391 Wiśniowa   32 Eastern KP255576 
WISN3 92422 Wiśniowa   32 Eastern KP255577 
RR1 92975 Ruda Różanecka 50.31 23.18 33 Eastern KP255578 
RR2 92976 Ruda Różanecka   33 Eastern KP255579 
RR3 92991 Ruda Różanecka   33 Eastern KP255580 
RR4 92992 Ruda Różanecka   33 Eastern KP255581 
WOJS1 93534 Wojsław 50.72 17.35 34 Eastern KP255583 
WOJS2 93539 Wojsław   34 Eastern KP255582 
WOJS3 93602 Wojsław   34 Eastern KP255584 
NUR1 100341 Nurzec 52.67 22.48 35 Eastern KP255483 
NUR2 100432 Nurzec   35 Eastern KP255484 
NUR3 100368 Nurzec   35 Eastern KP255485 
LOCH1 100504 Łochów 52.53 21.68 36 Eastern KP255486 
KRYN1 101034 Kryńszczak 51.99 22.36 37 Eastern KP255487 
KRYN2 101335 Kryńszczak   37 Eastern KP255488 
KRYN3 101522 Kryńszczak   37 Eastern KP255489 
ZAGOZ1 101696 Zagożdżon 51.48 21.45 38 Eastern KP255490 
ZAGOZ2 101753 Zagożdżon   38 Eastern KP255491 
 
Continuation of Table S1 
 
ZAGOZ3 102145 Zagożdżon   38 Eastern KP255492 
SOBI1 103372 Sobibór 51.47 23.63 39 Eastern KP255494 
SOBI2 103397 Sobibór   39 Eastern KP255495 
SOBI3 103611 Sobibór   39 Eastern KP255496 
SOBI4 103371 Sobibór   39 Eastern KP255493 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2. List of freshly-collected specimens of Microtus arvalis newly sequenced for this study, including site of origin. 
Sequence 
label 
Sample 
no. 
Location Latitude (N) Longitude (E) Map reference 
(see Fig. 1) 
Cytochrome b 
lineage 
GenBank 
Accession 
Number 
BIA1 JS001 Białowieża 52.42 23.52 40 Eastern KP255605 
BIA2 JS002 Białowieża   40 Eastern KP255606 
BIA3 JS003 Białowieża   40 Eastern KP255607 
POZN1 JS004 Zielątkowo 
52.33 
 
16.47 
41 Central KP255609 
POZN2 JS005 Poznań 52.24 16.56 42 Eastern KP255608 
WLOCL1 JS006 Włocławek 52.39 19.03 43 Eastern KP255610 
ILA4 JS007 Iława 53.59 19.56 7 Eastern KP255611 
ILA5 JS008 Iława   7 Eastern KP255613 
MLYN1 JS009 Miłomłyn 53.46 19.50 44 Eastern KP255612 
POP1 JS010 Popówka 52.04 23.26 45 Eastern KP255614 
POP2 JS011 Popówka   45 Eastern KP255615 
POP3 JS012 Popówka   45 Eastern KP255616 
ZGIER1 JS013 Zgierz 51.51 19.24 46 Eastern KP255585 
ZGIER2 JS014 Zgierz   46 Eastern KP255586 
PDEB1 JS015 Poddębice 51.54 18.58 47 Eastern KP255587 
PDEB2 JS016 Poddębice   47 Eastern KP255588 
PDEB3 JS017 Poddębice   47 Eastern KP255589 
WARK1 JS018 Warka 51.47 21.12 48 Eastern KP255590 
GROJ1 JS019 Grójec 51.51 20.52 49 Eastern KP255591 
KOZIE1 JS020 Kozienice 51.35 21.34 50 Eastern KP255592 
JANUS1 JS021 Januszno 51.29 21.30 51 Eastern KP255593 
 
Continuation of Table S2 
 
JANUS2 JS022 Januszno   51 Eastern KP255594 
JANUS3 JS023 Januszno   51 Eastern KP255595 
NDMAZ1 JS024 Nowy Dwór Mazowiecki 52.26 20.41 52 Eastern KP255596 
NDMAZ2 JS025 Nowy Dwór Mazowiecki   52 Eastern KP255597 
NDMAZ3 JS026 Nowy Dwór Mazowiecki   52 Eastern KP255598 
SOCHA1 JS027 Sochaczew 52.13 20.14 53 Eastern KP255599 
SOCHA2 JS028 Sochaczew   53 Eastern KP255600 
SOCHA3 JS029 Sochaczew   53 Eastern KP255601 
LOWI1 JS030 Łowicz 52.06 19.56 54 Eastern KP255602 
LOWI2 JS031 Łowicz   54 Eastern KP255603 
LOWI3 JS032 Łowicz   54 Eastern KP255604 
UKR4 Ukr8-13 Ukraine, Cherkassy  49.87 31.43 - Eastern KP255617 
UKR5 Ukr9-13 region,   - Eastern KP255618 
UKR6 Ukr14-13 Buchak vic.   - Eastern KP255619 
UKR7 Ukr15-13    - Eastern KP255620 
 
Table S3. Primers and conditions used for PCR amplification of the Microtus arvalis 
cytochrome b sequences from museum (above the bold line) and field-collected (below the 
bold line) samples. 
Primer Sequence Annealing 
temp (
0
C) 
Reference 
L14727SP 
MicArv1R 
GACAGGAAAAATCATCGTTG 
AATCGAAACATGAAACATAGGA 
55 
55 
Jaarola & Searle (2002) 
This study 
MicArv2F 
MicArv2R 
TCTGTCGAGACGTAAACTATGG 
CTGGACTGAACTCAGACGCA 
54 
54 
This study 
This study 
MicArv3F 
MicArv3R 
TAAAGCCACCCTCACACGAT 
CACACTTCAAAACAACGAGCA 
57 
57 
This study 
This study 
MicArv4F 
MicAgR4 
CCCCATATTAAACCAGAATGATA 
TGGTTTACAAGACCAGCGTAA 
58 
58 
This study 
McDevitt et al. (2012) 
L14727SP 
MicArv2R 
GACAGGAAAAATCATCGTTG 
CTGGACTGAACTCAGACGCA 
60 
60 
Jaarola & Searle (2002) 
This study 
MicArv3F 
MicAgR4 
TAAAGCCACCCTCACACGAT 
TGGTTTACAAGACCAGCGTAA 
60 
60 
This study 
McDevitt et al. (2012) 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4. GenBank accession numbers of the Microtus arvalis cytochrome b sequences used 
in this study.  
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Haynes et al. (2003) 
AY708461, AY708463, AY708464, 
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AY708487, AY708497 
AY708501, AY708504, AY708506, 
AY708510, AY708512, AY708514, 
AY708517, AY708519, AY708521, 
AY708523 
 
Fink, Excoffier & Heckel (2004) 
 
FJ789987-FJ790033 
 
Braaker & Heckel (2009) 
FR865430-FR865434 
 
Tougard et al. (2013) 
GU187362, GU187364, GU187365- 
GU187386 
 
Bužan  et al. (2010) 
GU190383-GU190665 
 
Martínková et al. (2013) 
JX457755 
 
Barbosa et al. (2013) 
U54488 
 
Barker et al. (1996) 
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Abstract The common vole (Microtus arvalis) and the field
vole (Microtus agrestis) are morphologically similar species
but are ecological distinctive and differ in the details of their
evolutionary history as revealed by mitochondrial DNA
(mtDNA). The aim of this study is to describe patterns of
genetic variability using microsatellite markers in populations
of the common and field vole in Poland using museum spec-
imens, to assess the degree of congruence with mtDNA vari-
ation and thereby determine the factors that influence current
patterns of gene flow. We genotyped 190 individuals of the
common vole at 11 loci and 190 individuals of the field vole at
13 loci. Overall differentiation based on FSTwas higher for the
common vole than in the field vole. We detected a significant
isolation by distance pattern for both species. Bayesian anal-
ysis in STRUCTURE identified Eastern and Western geo-
graphic groups in Poland based on microsatellites for both
species. The location of river barriers is likely to be the main
factor in these partitions. The eastern-western subdivision
with microsatellites does not coincide with the distribution
of mtDNA lineages for either species. Unlike previous studies
in the common and field vole elsewhere in Europe, we found
no evidence of reproductive isolation between the mtDNA
lineages of these species at their contact zones in Poland.
This study highlights the different roles of evolutionary histo-
ry and landscape in shaping contemporary genetic structure in
voles in Poland.
Keywords Genetic structure . Bayesian analysis .Microtus
arvalis .Microtus agrestis . Phylogeography .
Microsatellites . Mitochondrial DNA . Poland
Introduction
The Last Glacial Maximum (LGM), which lasted from ap-
proximately 27.5–19 thousand years before present (ka BP;
Clark et al. 2009), forced European species to survive the
severe climatic conditions by retreating to refugia located in
the south (in three peninsulas: Apennine, Balkan and Iberian;
Taberlet et al. 1998; Hewitt 1999) and further north
(Dordogne and the Carpathian Basin; Kotlík et al. 2006;
Sommer and Nadachowski 2006). In Eastern Europe, post-
LGM expansion has led to the formation of a phylogeographic
‘suture zone’ in present-day Poland in various mammalian
species between multiple mitochondrial DNA (mtDNA) line-
ages originating from different refugia (Wójcik et al. 2010;
McDevitt et al. 2012). In this region, three mtDNA lineages
in the bank vole (Clethrionomys glareolus; Wójcik et al.
2010), four lineages in the weasel (Mustela nivalis;
McDevitt et al. 2012), two lineages in the field vole
(Microtus agrestis; Herman et al. 2014) and two lineages
in the common vole (Microtus arvalis; Stojak et al. 2015)
are present.
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Contrasting population histories and ecological preferences
of different species likely promoted the various patterns of re-
colonization during the return of more favourable conditions
after the LGM (Heckel et al. 2005). If we consider the two
aforementioned Microtus vole species (the common and field
vole), they are morphologically similar species but differ in
their population histories in Europe (Herman et al. 2014;
Stojak et al. 2015). For the common vole, two different chro-
mosomal forms have been identified using cytogenetics,
arvalis and obscurus. The hybrid zone between them occurs
in central European Russia (Meyer et al. 1997; Haynes et al.
2003; Jaarola et al. 2004; Bulatova et al. 2010a, b, 2013). For
the arvalis form, six main mtDNA lineages have been de-
scribed in Europe: Western-South, Western-North, Central,
Italian, Eastern and Balkan (Haynes et al. 2003; Tougard
et al. 2008; Bužan et al. 2010; Martínková et al. 2013;
Stojak et al. 2015). For the field vole, three main evolutionary
units (which may represent cryptic species) have been de-
scribed—Portuguese, Southern and Northern (Paupério et al.
2012). For the Northern evolutionary unit in the field vole, six
main mtDNA lineages have been identified: Eastern,
Scandinavian, Central European, French, North British and
Western (Herman and Searle 2011; Herman et al. 2014). The
differences in the distribution and origin of the mtDNA line-
ages between the common and field vole are evident in Poland
(Herman et al. 2014; Stojak et al. 2015). The phylogeographic
suture zone in Poland that was formed after the LGM in the
common vole consists of two lineages, the Eastern lineage
likely originating from the Carpathian refugium (based on
fossil records and molecular data; Pazonyi 2004; Sommer
and Nadachowski 2006; Stojak et al. 2015) and the Central
lineage from a refugium originally suggested to be Italy
(Haynes et al. 2003) but likely located further north (Heckel
et al. 2005; based on molecular data). For the field vole, the
two lineages that occur in Poland (Central European and
Western; Fig. 1) are thought to represent expansion following
the Younger Dryas cold period (12.9–11.7 ka BP; Herman
and Searle 2011; Herman et al. 2014). There appears to
have been a single LGM refugium for the Northern evo-
lutionary unit of the field vole (Herman and Searle 2011),
but the location of this is uncertain. The Carpathians is a
possibility, following the suggestion of Jaarola and Searle
(2002); however, a later fossil assessment (Pazonyi 2004)
suggested that field voles were not part of the LGM com-
munity in the Carpathians.
In terms of the ecology of the common and field vole, both
are grassland species, but the common vole inhabits open
areas including farmlands (Amori et al. 2008), while the field
vole prefers more damp habitats like meadows, marshes or
river banks (Kryštufek et al. 2008). It is therefore apparent
that different historical and contemporary processes may im-
pact upon patterns of genetic structure in these two Microtus
species.
Several studies have now described the phylogeography and
genetic structure of multiple mammalian species using mtDNA
in the vicinity of present-day Poland (Wójcik et al. 2010;
McDevitt et al. 2012; Stojak et al. 2015). However, there has
been little attempt to study the influence of these ancient pro-
cesses on contemporary genetic structure in this region. The
application of genetic markers such asmicrosatellites will allow
an assessment of contemporary patterns of gene flow and dif-
ferentiation in areas where different mtDNA lineages come into
contact (Heckel et al. 2005; Godinho et al. 2008; Beysard et al.
2012). For the common vole, mtDNA and microsatellites have
been used in other regions in Europe to find general congruence
in patterns of genetic structure between the two types of marker
(Heckel et al. 2005; Braaker and Heckel 2009; Beysard and
Heckel 2014), including in an area of contact involving the
same mtDNA lineages as found in Poland (Eastern and
Central) but along the German-Czech Republic border
(Beysard and Heckel 2014). Given that differences in genetic
structuremight be expected betweenmtDNA andmicrosatellite
markers, because of differences in mutation rate, effective pop-
ulation sizes and inheritance, the congruent patterns for the two
types of marker in the previous studies in the common vole
indicate that a degree of contemporary reproductive isolation
exists between mtDNA lineages in this species. Nuclear-
mitochondrial congruence has also been found in a contact
zone between the Southern and Northern evolutionary units
(‘cryptic species’) of the field vole in the Swiss Jura mountains,
revealing a degree of post-mating isolation (Beysard et al.
2012); the contact zone in Poland involves two mtDNA line-
ages within the Northern unit.
The purposes of our study were as follows: (i) to describe
the patterns of genetic variability using microsatellite markers
in populations of the common and field vole in Poland and (ii)
to determine whether contemporary genetic structure demon-
strates agreement with mtDNA lineage distribution found in
these species across Poland (Herman et al. 2014, Stojak et al.
2015). Similar to these previous studies on mtDNA in both
species, we are utilizing well-preserved museum specimens
collected between 1960 and 1970 to allow for direct temporal
comparisons of genetic structure between the marker types.
Even though DNA degradation is an obvious concern for
these types of specimens (Bi et al. 2013), a number of studies
in different species have now successfully amplified microsat-
ellite loci in museum specimens to infer genetic structure and
diversity (e.g. Bourke et al. 2010; Rubidge et al. 2012).
Materials and methods
Samples
In this study, we used 380 museum specimens archived in the
scientific zoological collection of the Mammal Research
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Institute of the Polish Academy of Sciences in Białowieża that
were collected from different parts of Poland between 1960
and 1970. Specimens that yielded high DNA quantity and
quality were chosen. We analysed 190 M. arvalis from 39
localities and 190 M. agrestis from 23 localities (Fig. 1).
Sample sizes for the populations varied for both species, rang-
ing from one to 11 collected individuals. A complete list of all
specimens, localities and number of individuals per popula-
tion is given in Tables 1 and 2.
Molecular methods
DNAwas extracted from dried legs, using the Qiagen DNeasy
Tissue Kit according to the manufacturer’s protocol. Based on
their cross-species amplification in voles (Rudá et al. 2009;
Czajkowska et al. 2010), an initial panel of 23 microsatellite
markers from five species of vole (M. arvalis, M. agrestis,
Microtus oeconomus, Microtus montebelli and Arvicola
terrestris) was screened in a subset of individuals from both
species to assess amplification success, ease of genotyping
and variation (Table 3). Of these 23 loci, 11 were demonstrat-
ed to reliably genotype common vole individuals, and 13 loci
were used for genotyping field vole individuals (Table 3).
Microsatellites were amplified by polymerase chain reaction
(PCR) in 10-μl reactions containing 5 μl of Multiplex PCR
Master Mix (Qiagen), 1 μl template DNA, ddH2O and primer
volumes ranging from 0.2 to 0.4 μl (from a stock concentra-
tion of 10 μM). Two or three primer pairs were combined in
each multiplex reaction (see Tables S1 and S2 for details of
each multiplex reaction). Negative PCR controls without
Fig. 1 aGenetic structure ofMicrotus arvalis (top) andMicrotus agrestis
(bottom) populations in Poland based on a Bayesian analysis of
microsatellite data in STRUCTURE, coloured according to their
assignment to one of two genetic clusters at q ≥ 0.8 (yellow—the
Western group; blue—the Eastern group). Individuals coloured in red
represent admixed individuals between the two genetic clusters
(0.2 < q< 0.8). Numbers on maps match sampling localities presented in
Tables 1 and 2. The diameter of the circles represents the number of
sampled individuals within the population. b Mitochondrial DNA
lineage distributions described by Stojak et al. (2015) for M. arvalis and
Herman et al. (2014) forM. agrestis. See the aforementioned publications
for further information regarding population localities and the number of
individuals used (Colour figure online)
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template DNA for each set of samples and each multiplex
were included. Amplification conditions were as follows: ini-
tial denaturation of 95 °C for 15 min, 35 cycles of 94 °C for
45 s, 54 °C for 90 s and 72 °C for 60 s, followed by a final
elongation step of 72 °C for 45 min. Then, 1 μl of product was
added to 0.2 μl of size standard GeneScan 500 Liz dye (Life
Technologies) and 10 μl of Buffer HiDi Formamide (Applied
Biosystems). After 3 min of incubation at 96 °C, the mixture
Table 1 Diversity indices for
museum samples ofMicrotus
arvalis from Poland including
sampling locality with geographic
coordinates, sample size (n),
observed (HO) and expected (HE)
heterozygosity, allelic richness
(AR) and the inbreeding
coefficient (FIS)
Sampling
locality
Symbol Map
reference
(see Fig. 1a)
n Longitude
(E)
Latitude
(N)
HO HE AR FIS
Bogdaniec – 1 3 16.58 53.95 – – – –
Bobolice BOB 2 6 16.59 53.95 0.697 0.891 5.84 0.236
Bolewice – 3 3 16.12 52.40 – – – –
Cisna CIS 4 10 22.32 49.21 0.749 0.888 5.88 0.163
Czarna Białostocka – 5 1 23.29 53.30 – – – –
Darżlubie DAR 6 6 18.32 54.7 0.694 0.784 4.54 0.125
Górowo Iławieckie GIL 7 7 20.49 54.28 0.714 0.757 4.70 0.153
Goszcz – 8 3 17.48 51.40 – – – –
Iława ILA 9 5 19.56 53.59 0.655 0.798 4.80 0.198
Kryńszczak KRY 10 9 22.36 51.99 0.747 0.853 5.22 0.131
Kadyny – 11 3 19.49 54.30 – – – –
Krosno Odrzańskie KRO 12 7 15.09 52.05 0.701 0.724 4.48 0.034
Krzystkowice – 13 1 15.23 51.80 – – – –
Łochów – 14 1 21.68 52.53 – – – –
Międzychód MCH 15 9 15.89 52.59 0.775 0.817 5.23 0.054
Mikaszówka – 16 2 23.40 53.89 – – – –
Nurzec – 17 3 22.48 52.67 – – – –
Pułkownikówka PLK 18 9 18.98 54.23 0.685 0.777 4.86 0.126
Pomorze POM 19 9 20.69 52.87 0.660 0.851 5.19 0.235
Przyborów – 20 2 19.39 49.62 – – – –
Rajgród – 21 1 22.70 53.73 – – – –
Rogalice – 22 1 17.61 50.96 – – – –
Ruda Różanecka RDR 23 5 23.18 50.31 0.677 0.839 5.31 0.213
Ryjewo – 24 1 18.96 53.84 – – – –
Rzepin RZE 25 8 14.83 52.34 0.716 0.807 5.16 0.120
Sobibór SOB 26 10 23.63 51.47 0.814 0.917 6.10 0.118
Świętokrzyski NP SPN 27 8 20.93 50.90 0.682 0.857 5.48 0.216
Stary Kraków – 28 2 16.62 54.44 – – – –
Świerzawa SWI 29 9 15.89 51.01 0.778 0.744 4.35 –0.049
Szprotawa – 30 1 15.54 51.57 – – – –
Trzebieszki TRZ 31 11 16.61 53.36 0.692 0.803 5.09 0.145
Wierzchlas WIE 32 5 18.66 51.20 0.6 0.895 5.85 0.356
Wiśniowa WIS 33 6 20.11 49.78 0.752 0.873 5.47 0.151
Wojsław WOJ 34 5 17.35 50.72 0.764 0.890 5.75 0.167
Wschowa WSCH 35 5 16.31 51.80 0.636 0.752 4.88 0.169
Zagożdżon – 36 3 21.45 51.48 – – – –
Zielona – 37 3 18.61 49.95 – – – –
Złocieniec – 38 3 16.01 53.53 – – – –
Żytkiejmy – 39 4 22.70 54.35 – – – –
Only samples with ≥5 individuals were used for calculations
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was then analysed with an ABI Prism 3100 DNA sequencer
and GeneMarker v1.7.0 was used to visualise the microsatel-
lite alleles and determine the genotypes.
Following the procedure of Bourke et al. (2010), we repeat-
ed each PCR three times to avoid artefacts and mistakes
caused by potential fragmentation of DNA in museum sam-
ples. All genotypes were independently scored twice for these
three repeats. We accepted a homozygote if it was scored as
such on all three occasions (or two out of three if it did not
amplify in one of the repeats). A heterozygote was scored if it
appeared on two out of three occasions. If these criteria were
not met, alleles were scored as missing data (Table 4).
Genetic structure of populations
Only populations with five or more individuals were included
in all population-level analyses. Observed and expected het-
erozygosity (HO and HE, respectively) and allelic richness
(AR) were calculated in Arlequin v. 3.5 (Excoffier and
Lischer 2010) and FSTAT v. 2.9.3 (Goudet 2001). We used
FSTAT to estimate the inbreeding coefficient (FIS) for each
locus and each population, with significance levels calculated
by randomizing alleles among individuals within each popu-
lation. We then compared this to the observed data to deter-
mine deviations from Hardy-Weinberg equilibrium (HWE),
using 10,000 simulations. Tests for linkage disequilibrium be-
tween all pairs of loci were carried out in FSTAT. Pairwise FST
values (Weir and Cockerham 1984) between populations
within each species were estimated in FSTAT, and signifi-
cance was determined using 10,000 permutations. Pairwise
comparisons were corrected for type I errors using sequential
Bonferroni corrections (Rice 1989). Null alleles were identi-
fied in Micro-Checker v. 2.2.3 (van Oosterhout et al. 2004).
The relationship between pairwise genetic (FST) and geo-
graphic distances was tested using a Mantel test (Mantel
1967) using IBDWS v. 3.23 (Jensen et al. 2005).
We carried out a Bayesian analysis in STRUCTURE v.
2.3.3 (Pritchard et al. 2000) to establish the number of genetic
clusters of both species in Poland using all available individ-
uals. For each value of K (1-10), we performed ten indepen-
dent runs of 500,000 generations following 100,000 genera-
tions of burn-in under the admixture model and with the as-
sumption that allele frequencies among populations are corre-
lated. We identified the optimal number of clusters for both
Table 2 Diversity indices for
museum samples ofMicrotus
agrestis from Poland including
sampling locality with geographic
coordinates, sample size (n),
observed (HO) and expected (HE)
heterozygosity, allelic richness
(AR) and the inbreeding
coefficient (FIS)
Sampling
locality
Symbol Map
reference
(see
Fig. 1a)
n Longitude
(E)
Latitude
(N)
HO HE AR FIS
Kosobudy KOS 1 10 23.08 50.63 0.774 0.827 4.08 0.069
Sobibór SOB 2 9 23.63 51.47 0.812 0.848 4.26 0.045
Płaska PLA 3 10 23.25 53.90 0.821 0.837 4.29 0.022
Świętokrzyski
NP
SPN 4 10 20.93 50.90 0.657 0.840 4.23 0.229
Cisna CIS 5 8 22.32 49.21 0.775 0.823 4.06 0.062
Sierżno SIE 6 9 17.47 54.11 0.774 0.869 4.44 0.116
Górowo
Iławieckie
GIL 7 10 20.49 54.28 0.713 0.842 4.37 0.161
Bogdaniec BOG 8 10 15.07 52.68 0.827 0.837 4.16 0.012
Wymiarki WYM 9 10 15.08 51.51 0.743 0.857 4.35 0.140
Goszcz GOS 10 9 17.48 51.39 0.779 0.847 4.25 0.086
Kryńszczak KRY 11 6 22.36 51.99 0.792 0.862 4.37 0.090
Zagożdżon ZAG 12 5 21.45 51.48 0.750 0.850 4.20 0.130
Bobolice BOB 13 6 16.58 53.95 0.744 0.816 4.02 0.097
Żytkiejmy ZYT 14 10 22.69 54.35 0.800 0.856 4.36 0.069
Iława ILA 15 6 19.56 53.59 0.744 0.846 4.32 0.132
Pomorze POM 16 8 20.69 52.87 0.786 0.843 4.27 0.073
Wierzchlas WIE 17 6 18.66 51.20 0.808 0.855 4.32 0.061
Kadyny KAD 18 5 19.48 54.29 0.805 0.884 4.55 0.100
Głusko GLU 19 8 15.94 53.04 0.817 0.861 4.38 0.054
Szprotawa SZP 20 10 15.53 51.56 0.772 0.89 4.59 0.139
Zielona ZIE 21 10 18.60 49.94 0.733 0.847 4.32 0.142
Kobiór KOB 22 5 18.93 50.06 0.692 0.826 4.23 0.183
Dębno DEB 23 10 14.69 52.73 0.675 0.820 4.04 0.184
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datasets using the Evanno method (ΔK; Evanno et al. 2005) in
STRUCTURE HARVESTER (Earl and vonHoldt 2012).
Individuals were assigned as belonging to a particular cluster
with an assignment probability (q) of ≥0.8, with individuals with
an assignment probability of 0.2 < q < 0.8 classified as
‘admixed’ (Vähä and Primmer 2006; Bergl and Vigilant 2007;
Shafer et al. 2011;McDevitt et al. 2013).We additionally carried
out a discriminant analysis of principal component (DAPC;
Jombart et al. 2010) in RStudio (2012). This is a two-step pro-
cess, the first of which transforms the genotypes using principal
component analysis (PCA) and then maximises the
differentiation between populations, while minimizing within-
population variation. Unlike the previous method, it does not
assume HWE or linkage disequilibrium (Jombart et al. 2010).
Twenty-two PCA components were retained in the discriminant
analysis for the common vole and 24 for the field vole.
Results
The total dataset of 380 individuals (190 individuals of each
species) were successfully genotyped from Poland. There
Table 3 Origin, repeat number
and size range of microsatellite
loci studied inmuseum specimens
of Microtus arvalis and
M. agrestis from Poland
Locus
name
Size
range
Fluorescent
dye
References Repeat
number
Species origin
Ma25ab 146–187 VIC Gauffre et al. (2007) 2 Microtus arvalis
Ma29ab 216–246 FAM Gauffre et al. (2007) 2 Microtus arvalis
Ma36ab 280–346 NED Gauffre et al. (2007) 2 Microtus arvalis
Ma68ab 112–138 NED Gauffre et al. (2007) 2 Microtus arvalis
Ma75a 261–297 PET Gauffre et al. (2007) 2 Microtus arvalis
MSM2ab 171–203 PET Ishibashi et al. (1999) 2 Microtus
montebelli
MSM3b 120–139 FAM Ishibashi et al. (1999) 2 Microtus
montebelli
MSM5b 70–95 VIC Ishibashi et al. (1999) 2 Microtus
montebelli
MSM6ab 143–163 PET Ishibashi et al. (1999) 2 Microtus
montebelli
Mag6ab 183–227 NED Jaarola et al. (2007) 3 Microtus agrestis
AV12ab 119–156 NED Stewart et al. (1998) 4 Arvicola terrestris
Moe1b 96–136 NED van de Zande et al.
(2000)
2 Microtus
oeconomus
Moe5ab 119–165 VIC van de Zande et al.
(2000)
2 Microtus
oeconomus
Moe6ab 222–258 PET van de Zande et al.
(2000)
2 Microtus
oeconomus
MSM4 – PET Ishibashi et al. (1999) 2 Microtus
montebelli
MSM7 115–133 NED Ishibashi et al. (1999) 2 Microtus
montebelli
MSM8 – VIC Ishibashi et al. (1999) 2 Microtus
montebelli
AV1 205 PET Stewart et al. (1998) 4 Arvicola terrestris
AV7 177 PET Stewart et al. (1998) 4 Arvicola terrestris
AV13 200 NED Stewart et al. (1998) 4 Arvicola terrestris
AV14 250 VIC Stewart et al. (1998) 4 Arvicola terrestris
AV15 169–224 FAM Stewart et al. (1998) 4 Arvicola terrestris
Moe8 230–276 VIC van de Zande et al.
(2000)
2 Microtus
oeconomus
Those loci which were tested and which failed to amplify consistently (and were therefore not used) are given
below the bold line
a The final microsatellite panel used for M. arvalis
b The final microsatellite panel used for M. agrestis
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were very few instances where the three genotyping repeats
differed (recorded as missing data): 0.8 % in common voles
and 2.6 % in field voles (Table 4).
No loci showed significant linkage disequilibrium tested
over all populations. Results ofHO andHE estimation and null
allele identification per locus are presented in Tables S3 and
S4. For the 11 loci in the common vole, diversity values
ranged from 0.450 to 0.899 (HO) and 0.629 to 0.960 (HE).
Null alleles were identified for Moe6 and AV12 in some pop-
ulations of the common vole. As these loci had little influence
on the overall results, they were not excluded from further
analyses (see below). For the 13 loci in the field vole, diversity
values ranged from 0.492 to 0.957 (HO) and 0.774 to 0.974
(HE). We identified no null alleles in this species.
Looking at variation at the population level in the common
vole, values of allelic richness (AR), observed heterozygosity
(HO) and expected heterozygosity (HE) varied from 4.35 to
6.10, 0.600 to 0.814 and 0.724 to 0.917, respectively, and
inbreeding coefficients (FIS) from 0.049 to 0.356 (Table 1).
In the field vole populations, they ranged from 4.02 to 4.59
(AR), 0.657 to 0.827 (HO), 0.816 to 0.884 (HE) and 0.012 to
0.229 (FIS; Table 2). No locus for any population within either
species significantly differed from HWE expectations after
Bonferroni correction.
Overall population differentiation was higher for the com-
mon vole (FST=0.058, 95 % confidence interval (CI) 0.042–
0.077) than for the field vole (FST=0.047, 95 % CI 0.040–
0.055). For M. arvalis, this value was almost the same after
removing the Moe6 and AV12 loci (FST=0.056, 95 % CI
0.037–0.079). Most population pairs were significantly differ-
entiated from each other within both species (Tables S5 and
S6). Mantel tests of the relationships between genetic and
geographic distances revealed a significant isolation by dis-
tance pattern for both species (r=0.326 for M. arvalis and
r=0.397 for M. agrestis; P<0.001). Bayesian analysis in
STRUCTURE showed that two genetic groups of the com-
mon vole and field vole were present in Poland (ΔK=2 was
selected in both cases; Figs. 2 and S1). However, the distribu-
tion of these groups and the contact zone between them are not
exactly the same (Fig. 1). For the common vole, the Western
group occurs in western and northern Poland, whereas the
Eastern group inhabits the eastern, central and southern parts
of Poland. For the field vole, the Western group inhabits west-
ern, southern and northern Poland, whereas the Eastern group
occurs mostly in the eastern part of Poland. The majority of
individuals (176 out of 190 in the common vole and 167 out of
190 in the field vole) were assigned to one of the clusters at
q ≥ 0.8. In the common vole, the admixed individuals
(0.2<q<0.8) were as follows: four individuals from popula-
tion 7; two individuals each from population 4 and 15; and
one individual each from populations 20, 23, 33, 38 and 39
(Fig. 1). In the field vole, the admixed individuals were as
follows: five individuals from population 7; two individuals
each from populations 4, 5, 6 and 17; three individuals from
population 13; and one individual each from populations 8, 9,
10, 15, 19 and 20 (Fig. 1).
The two species of vole exhibited relatively little popula-
tion structure detected by the DAPC (Fig. 3). Genetic structure
is more pronounced between populations of the common vole
than in the field vole. There are four populations of the com-
mon vole which are distinguished from the others:
Pułkownikówka, Górowo Iławieckie and Pomorze from
the northern part of Poland and Świerzawa from south-
western Poland. In case of the field vole, populations
largely overlapped (Fig. 3).
Discussion
In this study, we utilised museum samples collected between
1960 and 1970 and found that these samples gave very reli-
able and consistent results for the microsatellite panels used.
Only a few genotypes were rejected from further analyses
(Table 4). Therefore, we contend that the data that we obtained
from these well-preserved museum specimens are a valuable
resource for population genetic studies of these two vole
species.
Herein, we describe genetic structure and variability in
populations of the common vole and field vole in Poland
using microsatellites. We can also determine whether geo-
graphic structure revealed by microsatellites is in agreement
with the mtDNA lineage distributions across Poland found in
previous studies (Herman et al. 2014, Stojak et al. 2015). For
one of these species, the common vole, studies from other
regions in Europe have already found general congruence in
patterns of genetic structure between mtDNA and
microsatellites at contacts between lineages (Heckel et al.
2005; Braaker and Heckel 2009; Beysard and Heckel 2014).
For the field vole, Beysard et al. (2012) demonstrated an over-
all pattern of congruence betweenmtDNA,microsatellites and
Table 4 Consistency of microsatellite genotyping of museum
specimens of Microtus arvalis and Microtus agrestis from Poland
Heterozygotes Homozygotes Missing data
3/3 (%) 2/3 (%) 3/3 (%) 2/3 (%)
M. arvalis 61.8 8.9 23.5 5.0 0.8
M.agrestis 69.0 7.8 17.3 3.3 2.6
Laboratory procedures were repeated three times for each sample and
each locus. All data obtained for each species are divided up into five
categories, and the percentage out of 100 is given for each. For both
heterozygotes and homozygotes, the values in the 3/3 columns indicate
where all three repeats gave the same result, and the 2/3 columns give the
percentage values when one of these repeats was unreadable. Themissing
data represent those samples in which more than one repeat was unclear
or if the results of genotyping were different for any of repeats
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Y chromosome markers at the contact of the Northern and
Southern evolutionary units but also showed evidence of
asymmetrical and differential gene introgression. Our study
in Poland allows us to look for congruence between
microsatellites and mtDNA in the contact zones between
mtDNA lineages of the two species there (Herman et al.
2014; Stojak et al. 2015). These two vole species are morpho-
logically similar but are characterised by different post-glacial
evolutionary histories and different ecologies.
We found similar levels of genetic diversity across popula-
tions within each species and between them (Tables 1 and 2).
The overall differentiation was higher for the common vole
(FST=0.058) than for the field vole (FST=0.047). Almost all
pairwise comparisons between populations were significant
with the exception of those involving the field vole population
from Kobiór (KOB; Tables S5 and S6) which may reflect the
small sample size for this population. We detected a
significant but moderate isolation by distance pattern for both
species. The DAPC revealed a lack of obvious genetic struc-
ture for both species with individuals mostly overlapping be-
tween populations (Fig. 3). In agreement with overall FST, the
common vole showed evidence of higher levels of differenti-
ation between populations in the DAPC.
Bayesian analysis in STRUCTURE revealed that there
were two geographic groups for each species in Poland based
onmicrosatellites (Figs. 1 and 2). Although strong isolation by
distance can influence inferences of genetic structure based on
STRUCTURE (Frantz et al. 2009), we did not observe this in
our data (see above). The distribution patterns of the geo-
graphic groups differ slightly between the common and field
voles, but they can both be roughly categorised into an Eastern
and Western subdivision (Fig. 1). The Eastern group of the
common vole has a wider distribution in Poland than the
Eastern group of the field vole. For the common vole, the
Fig. 2 Evanno et al. (2005) ΔK
(dashed line, right Y axis) and the
mean log probability LnP(K)
(continuous line, left Yaxis) result
from STRUCTURE for Microtus
arvalis (a) and Microtus agrestis
(b) based on the microsatellite
data
148 Mamm Res (2016) 61:141–152
contact zone between the two microsatellite groups begins in
the north, going through the western part of Poland, ending in
the south, whereas for the field vole, the contact zone starts in
the north-western part of Poland and goes straight through
central Poland to the south-eastern border (Fig. 1). The
Eastern group is located on the eastern side of the Vistula
and San rivers and the Western group on the western side
(Fig. 1). Additionally for the field vole, several mixed genetic
groups are observed in northern Poland, separated from the
Western group by the Noteć river (Fig. 1).
The distributions of mtDNA lineages of common and field
voles in Poland do not match the Eastern and Western micro-
satellite groups. In Poland, there are two mtDNA lineages
(Central and Eastern) of the common vole and the contact
zone is located in the north-western part of Poland (Fig. 1;
Stojak et al. 2015). Individuals from the Central lineage ap-
parently recolonised Eastern Europe from a refugium in an ill-
defined area north of Italy (Heckel et al. 2005), whereas the
Eastern lineage most likely stemmed from the Carpathian re-
fugium (Stojak et al. 2015). The contact zone of the two ge-
netic groups based on microsatellites of the common vole is
shifted considerably to the east (described above, see Fig. 1).
For the field vole, the contact zone between the Western and
Central European mtDNA lineages was in south-western
Poland (Fig. 1) from unspecified Younger Dryas refugia
(Herman et al. 2014). The proposed contact zone between
the two genetic groups based on microsatellites of the field
vole is located in the central part of Poland (Fig. 1).
Beysard and Heckel (2014) analysed the genetic structure
and dynamics of three contact zones between mitochondrial
lineages of the common vole located in Switzerland and
Bavaria. They found very narrow zones of hybridization
(using microsatellites) between the Central and Western line-
ages and a much wider hybrid zone between the Central and
Eastern lineages (which are the lineages present in Poland;
Stojak et al. 2015). The Eastern and Central lineages are
grouped within the same clade and have an estimated time
to most recent common ancestor (tMRCA) of approximately
28 ka BP, whereas the Central and Western lineages belong to
separate clades, with a tMRCA at approximately 56 ka BP
(Stojak et al. 2015). Given that the Central and Eastern
lineages are less divergent than the Western and Central
lineages, it is perhaps not surprising that Beysard and
Heckel (2014) found stronger evidence for reproductive iso-
lation for the Western and Central lineages. Our results are in
general agreement with the aforementioned study because the
microsatellites employed here demonstrate that individuals
generally belong to a single genetic cluster (Western group)
across the Central and Eastern mtDNA lineage contact zone in
Poland (Fig. 1).
For the field vole, there is a similar lack of congruence
between the distribution of mtDNA lineages and geographic
groups based on microsatellites in Poland (Fig. 1). Beysard
et al. (2012) revealed that there was a degree of reproductive
isolation between the contact zone of what we now refer to as
the Northern and Southern evolutionary units (Paupério et al.
Fig. 3 Discriminant Analysis of
principal components (DAPC) of
genetic variation based on the
microsatellite datasets for
Microtus arvalis (a) andMicrotus
agrestis (b). Only populations
with ≥5 individuals sampled were
included
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2012) in Switzerland. These evolutionary units likely diverged
at the LGM (Paupério et al. 2012). In Poland, the contact zone
is between two more recently diverged mtDNA lineages with-
in the Northern evolutionary unit, which apparently derived
from two separate Younger Dryas refugia (Herman et al.
2014). Given that the field vole populations in Poland marked
by mitochondrial differences were not isolated from each oth-
er for a long period, it is perhaps unsurprising that there is no
evidence for reproductive isolation between those mtDNA
lineages.
Given the similarities in the patterns of contemporary ge-
netic structure in the common and field vole, it appears that
major river valleys restrict or act as barriers to contemporary
gene flow between populations of these taxa in Poland
(Fig. 1), leading to differentiation between Eastern and
Western geographical groups. Rivers have been identified as
significant barriers to gene flow in many terrestrial mammals
(e.g. Gerlach and Musolf 2000; Mullins et al. 2014). At the
broad scale of this study, our results indicate that the end
glacial population history has less of an impact on contempo-
rary genetic structure in these two species than the landscape.
Beysard and Heckel (2014) concluded that the divergence
times between lineages play an important role in the level of
gene introgression between them. A recent study by Beysard
et al. (2015) demonstrated that female common voles from the
Western mtDNA lineage preferentially selected males from
their own lineage under lab conditions in preference to
Central lineage males. At present, we do not know if there is
such a preference between voles of the Central and Eastern
lineages present in Poland (which diverged more recently than
the Central and Western lineages; Stojak et al. 2015) or be-
tween lineages in the field vole (Beysard et al. 2012). Various
studies in the European house mouse hybrid zone (between
the subspecies Mus musculus musculus and Mus musculus
domesticus) have demonstrated introgression between the
subspecies, but reduced male fertility maintains a degree of
reproductive isolation between the subspecies (Turner et al.
2012; Albrechtová et al. 2012). A similar mechanism was
proposed to account for the partial reproductive isolation be-
tween the Northern and Southern evolutionary units of the
field vole (Beysard et al. 2012) and the Central and Western
mtDNA lineages of the common vole (Beysard and Heckel
2014). In Poland, however, where there are contact zones
between mtDNA lineages that have diverged more recently
in both species, there does not appear to be the same pattern of
reproductive isolation between the mtDNA lineages based on
the contemporary genetic structure inferred from microsatel-
lite data. However, it is clear that further sampling would be
beneficial to definemore accurately the contact zones between
the mtDNA lineages and the genetic clusters based on
microsatellites in these two species in Poland (Beysard et al.
2012; Beysard and Heckel 2014). Newly collected specimens
from Poland would also allow us (i) to investigate in more
detail the influence of river barriers and other environmental
and landscape features on gene flow in the common vole and
field vole populations in Poland and (ii) to compare if the
patterns of genetic structure based on microsatellites have
changed or been retained over the last ca. 50 years (the sam-
ples that we analysed in the present study were of that age).
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Table S1. PCR multiplex protocols for Microtus arvalis.   
Multiplex number Reaction components Volume (µl) Dye 
1 Ma25 primers 
Ma36 primers 
Qiagen Mix 
H2O 
DNA 
0.25 (0.5)* 
0.25 (0.5) 
5 
3 
1 
VIC 
NED 
2 Ma68 primers 
MSM6 primers 
Qiagen Mix 
H2O 
DNA 
0.3 (0.6) 
0.3 (0.6) 
5 
2.8 
1 
NED 
PET 
3 Ma75 primers 
Mag6 primers 
Qiagen Mix 
H2O 
DNA 
0.2 (0.4) 
0.2 (0.4) 
5 
3.2 
1 
PET 
NED 
4 MSM2 primers 
Moe5 primers 
Ma29 primers 
Qiagen Mix 
H2O 
DNA 
0.25 (0.5) 
0.2 (0.4) 
0.2 (0.4) 
5 
2.7 
1 
PET 
VIC 
FAM 
5 Moe6 primers 
AV12 primers 
Qiagen Mix 
H2O 
DNA 
0.25 (0.5) 
0.4 (0.8) 
5 
2.7 
1 
PET 
NED 
*Number in parentheses represents volume of both forward and reverse primers together. 
 
 
 
 
 
 
 
Table S2. PCR multiplex protocols for Microtus agrestis.  
Multiplex number Reaction components Volume (µl) Dye 
1 Ma25 primers 
Ma36 primers 
Qiagen Mix 
H2O 
DNA 
0.3 (0.6)* 
0.4 (0.8) 
5 
2.6 
1 
VIC 
NED 
2 Ma68 primers 
MSM6 primers 
Qiagen Mix 
H2O 
DNA 
0.2 (0.4) 
0.2 (0.4) 
5 
3.2 
1 
NED 
PET 
3 Moe1 primers 
Qiagen Mix 
H2O 
DNA 
0.3 (0.6) 
5 
3 
1 
NED 
4 MSM3 primers 
Mag6 primers 
Qiagen Mix 
H2O 
DNA 
0.3 (0.6) 
0.4 (0.8) 
5 
2.6 
1 
FAM 
NED 
5 MSM2 primers 
MSM5 primers 
Qiagen Mix 
H2O 
DNA 
0.4 (0.8) 
0.2 (0.4) 
5 
2.8 
1 
PET 
VIC 
6 Moe6 primers 
AV12 primers 
Qiagen Mix 
H2O 
DNA 
0.4 (0.8) 
0.3 (0.6) 
5 
2.6 
1 
PET 
NED 
7 Moe5 primers 
Ma29 primers 
Qiagen Mix 
H2O 
DNA 
0.5 (1.0) 
0.3 (0.6) 
5 
2.4 
1 
VIC 
FAM 
*Number in parentheses represents volume of both forward and reverse primers together. 
 
 
Table S3. Characteristics of loci used in the microsatellite analysis of Microtus arvalis 
including observed (HO) and expected (HE) heterozygosity and null alleles. 
 
Locus HO HE Null Alleles 
Ma25 0.872 0.960 No 
Ma36 0.899 0.945 No 
Ma68 0.872 0.933 No 
MSM6 0.785 0.867 No 
Ma75 0.758 0.934 No 
Mag6 0.450 0.629 No 
MSM2 0.530 0.691 No 
Moe5 0.490 0.967 No 
Ma29 0.846 0.937 No 
Moe6 0.823 0.931 Yes 
AV12 0.522 0.929 Yes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4. Characteristics of loci used in microsatellite analysis of Microtus agrestis 
including observed (HO) and expected (HE) heterozygosity and null alleles. 
 
Locus HO HE Null Alleles 
Ma25 0.957 0.974 No 
Ma36 0.945 0.959 No 
Ma68 0.784 0.904 No 
MSM6 0.863 0.909 No 
Moe1 0.778 0.916 No 
MSM3 0.846 0.918 No 
Mag6 0.591 0.880 No 
MSM2 0.806 0.856 No 
MSM5 0.775 0.819 No 
Moe6 0.492 0.774 No 
AV12 0.776 0.875 No 
Moe5 0.545 0.921 No 
Ma29 0.779 0.893 No 
 
 
 
Table S5. Unbiased estimates of multilocus FST between all population pairs of Microtus arvalis based on microsatellites with population 
labelling following Table 1. All significant values are after Bonferroni correction. Non-significant values are in italics. 
    
BOB         CIS         DAR         GIL         ILA        KRY        KRO       MCH       PLK       POM        RDR        RZE        SOB         SPN         SWI         TRZ          WIE         WIS       WOJ 
 
 
CIS  
DAR 
GIL 
ILA 
KRY 
KRO 
MCH 
PLK 
POM 
RDR 
RZE 
SOB 
SPN 
SWI 
TRZ 
WIE 
WIS 
WOJ 
WSCH 
 
0.05463    
0.03514   0.06893    
0.03967   0.06388   0.04353    
0.02262   0.04522   0.01221   0.02915    
0.04638   0.07113   0.03242   0.04538   0.02619    
0.04288   0.06964   0.05180   0.05296   0.04375   0.02872    
0.02735   0.05928   0.03124   0.03629   0.03328   0.03761   0.05239    
0.04468   0.07774   0.06400   0.05900   0.05901   0.08346   0.06016   0.03529    
0.07305   0.11685   0.07939   0.11220   0.09167   0.12600   0.11747   0.06787   0.04343    
0.06733   0.12225   0.08124   0.08010   0.08087   0.10718   0.07797   0.04912   0.00165   0.06111    
0.08571   0.12100   0.08873   0.07382   0.07613   0.07711   0.08330   0.06106   0.03720   0.11698   0.04897    
0.08002   0.12414   0.08969   0.11446   0.09049   0.11134   0.11577   0.07560   0.05047   0.05912   0.08699   0.10053    
0.05097   0.09488   0.04938   0.07671   0.05060   0.07218   0.08196   0.05052   0.01936   0.03917   0.04002   0.06797   0.06917    
0.04030   0.08466   0.06250   0.08185   0.06075   0.06950   0.07867   0.04800   0.04259   0.04220   0.06323   0.10050   0.06236   0.01552    
0.04759   0.09166   0.05473   0.09190   0.06160   0.07071   0.08978   0.05478   0.04625   0.03750   0.06092   0.06632   0.07604   0.03212   0.03693    
0.04150   0.06269   0.01961   0.06028   0.02677   0.00559   0.03358   0.03637   0.03569   0.08110   0.05788   0.04317   0.08395   0.03975   0.05430   0.03454    
0.07692   0.12340   0.08366   0.08362   0.07411   0.09271   0.08938   0.05974   0.04086   0.09625   0.04101   0.05684   0.09734   0.06450   0.08943   0.06790   0.06268    
0.04743   0.08691   0.05031   0.06484   0.04011   0.03543   0.05741   0.05379   0.05679   0.09453   0.08273   0.06724   0.08623   0.06168   0.05513   0.06507   0.02441   0.06145    
0.06179   0.11816   0.06344   0.10338   0.08203   0.09590   0.09791   0.05223   0.03271   0.04578   0.04227   0.09720   0.05423   0.03157   0.03357   0.05242   0.06499   0.05604   0.07205  
  
 
 
 
 
 
 
 
 
 
 
 Table S6. Unbiased estimates of multilocus FST between all population pairs of Microtus agrestis based on microsatellites with population 
labelling following Table 1. All significant values are after Bonferroni correction. Non-significant values are in italics.  
    
BOG       BOB        CIS          DEB       GIL         GLU       GOS          ILA        KAD        KOB        KOS       KRY         PLA        POM        SIE          SOB        SPN        SZP          WYM      WIE         ZAG         ZIE       
 
BOB 
CIS 
DEB 
GIL 
GLU 
GOS 
ILA 
KAD 
KOB 
KOS 
KRY 
PLA 
POM 
SIE 
SOB 
SPN 
SZP 
WYM 
WIE 
ZAG 
ZIE 
ZYT 
 
0.05412    
0.04657   0.07823    
0.04267   0.05251   0.04423    
0.02716   0.04957   0.01813   0.04754    
0.05416   0.07556   0.04536   0.05530   0.04834    
0.05094   0.07762   0.06995   0.06325   0.06563   0.04628    
0.03746   0.04099   0.02931   0.03052   0.01748   0.02880   0.02729    
0.08051   0.05963   0.03857   0.04373   0.06229   0.05391   0.08984   0.04952    
0.03135   0.04098   0.01312   0.00377   0.02391   0.01678   0.03071  -0.00885  -0.01842    
0.09125   0.08565   0.06067   0.07372   0.05668   0.07366   0.06039   0.06377   0.05194   0.01942    
0.07063   0.05529   0.03795   0.04781   0.05219   0.05221   0.07421   0.03131   0.01082  -0.00441   0.03044    
0.07820   0.08567   0.05309   0.06084   0.06784   0.07312   0.06955   0.05006   0.02138   0.00026   0.05702   0.03028    
0.06284   0.06713   0.05372   0.06107   0.05179   0.06656   0.07382   0.04825   0.02294  -0.00235   0.04581   0.00930   0.03148    
0.07419   0.08256   0.06175   0.07405   0.03132   0.05978   0.06452   0.05921   0.05361   0.03314   0.02530   0.04200   0.07322   0.04478    
0.04889   0.06365   0.06516   0.05822   0.05492   0.06287   0.06498   0.04796   0.03783   0.00572   0.05561   0.03153   0.06368   0.03474   0.04565    
0.06388   0.07480   0.04878   0.04733   0.05996   0.05467   0.07033   0.04812   0.01006   0.00115   0.04855   0.02552   0.03545   0.03065   0.06938   0.04442    
0.07171   0.08322   0.05754   0.07797   0.06369   0.06641   0.08343   0.04760   0.03644   0.01595   0.07294   0.03874   0.04135   0.03900   0.07336   0.06226   0.03162    
0.04966   0.06160   0.03253   0.04071   0.05704   0.05221   0.06520   0.04615  -0.00215  -0.01399   0.06046   0.02660   0.01864   0.01825   0.06723   0.04798   0.00519   0.02402    
0.08167   0.10459   0.08072   0.08970   0.06084   0.07577   0.06612   0.06989   0.08579   0.04513   0.06321   0.05480   0.07361   0.03755   0.04363   0.05084   0.08232   0.08349   0.08504    
0.03164   0.06693   0.03325   0.04372   0.03157   0.04239   0.03876   0.02514   0.03894  -0.01319   0.04030   0.03679   0.04851   0.02831   0.04862   0.02134   0.02991   0.02679   0.02238   0.05725    
0.07058   0.08960   0.07474   0.07651   0.07399   0.08398   0.03506   0.04159   0.07185   0.04080   0.09619   0.06494   0.07562   0.08633   0.09321   0.05658   0.06533   0.07795   0.07161   0.08791   0.05077    
0.05085   0.06744   0.02990   0.05253   0.02717   0.04865   0.04866   0.02880   0.04656   0.00685   0.02971   0.02937   0.03742   0.03872   0.03408   0.04567   0.03400   0.05226   0.03824   0.06395   0.01100   0.07595   
 
 
 
 
 
  
Figure S1. Results of the Bayesian clustering analysis implemented in STRUCTURE under 
the admixture model for Microtus arvalis (A) and Microtus agrestis (B) based on the 
microsatellite dataset. Vertical columns represent the assignment probabilities to each of the 
inferred clusters identified for ΔK = 2 in both species. Numbers on horizontal axis match 
population localities presented on maps in Figure 1.    
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Abstract
The common vole (Microtus arvalis) has been a model species of small mammal for study-
ing end-glacial colonization history. In the present study we expanded the sampling from
central and eastern Europe, analyzing contemporary genetic structure to identify the role of
a potential ‘northern glacial refugium’, i.e. a refugium at a higher latitude than the traditional
Mediterranean refugia. Altogether we analyzed 786 cytochrome b (cytb) sequences (repre-
senting mitochondrial DNA; mtDNA) from the whole of Europe, adding 177 new sequences
from central and eastern Europe, and we conducted analyses on eight microsatellite loci for
499 individuals (representing nuclear DNA) from central and eastern Europe, adding data
on 311 new specimens. Our new data fill gaps in the vicinity of the Carpathian Mountains,
the potential northern refugium, such that there is now dense sampling from the Balkans to
the Baltic Sea. Here we present evidence that the Eastern mtDNA lineage of the common
vole was present in the vicinity of this Carpathian refugium during the Last Glacial Maximum
and the Younger Dryas. The Eastern lineage expanded from this refugium to the Baltic and
shows low cytb nucleotide diversity in those most northerly parts of the distribution. Analy-
ses of microsatellites revealed a similar pattern but also showed little differentiation between
all of the populations sampled in central and eastern Europe.
Introduction
Phylogeography is a discipline which uses molecular markers to infer population movements
at the end of the Pleistocene and during the Holocene, to identify where glacial refugia were
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located and to establish genetic characteristics of present-day populations, including geo-
graphic barriers obstructing gene flow [1]. Therefore, phylogeography attempts to reconstruct
the history of contemporary species distributions and explain the partitioning of genetic varia-
tion within them. Europe is one of the most comprehensively studied regions in the context of
Pleistocene phylogeography.
During the Pleistocene in Europe there were three substantial glacial periods, separated by
warmer interglacials: the Elster glaciation (730–430 kya, thousands of years ago), the Saale gla-
ciation (300–130 kya) and the Weichselian (or Vistulian) glaciation (115–11.5 kya) [2]. Con-
sidering the Weichselian, the ice cover in Europe reached its maximum extent around 27.5–19
kya and this time point is known as the Last Glacial Maximum (LGM) [3]. The Scandinavian
ice sheet, that dominated northern Europe at the LGM, reached parts of the British Isles, Ger-
many, Poland and Russia, while neighboring regions suffered tundra conditions at this time
[4, 5]. More favorable conditions for temperate species were present on the three Mediterra-
nean peninsulas (Iberian, Apennine and Balkan), which played the role of refugial areas,
where many species survived cold periods [6–8]. Additionally, there is evidence that some tem-
perate species also survived in more northerly areas, such as the Carpathian Basin, parts of
present-day France, the Ural Mountains and the Russian Plains [6, 9–16]. After the LGM there
was a warmer phase designated the Bølling-Allerød interstadial (14.7–12.7 kya), when deglaci-
ation occurred [17, 18]. However, the retreat of the glaciers caused many icebergs to discharge
into the ocean, disrupting the Atlantic meridional overturning circulation (AMOC) and
resulting in further cooling of the climate [19, 20]. Consequently, the Pleistocene ended with a
short cold phase, known as the Younger Dryas (YD; 12.9–11.7 kya) [21, 22].
The common vole Microtus arvalis (Pallas, 1778) is one of the best studied small mammal
species in Europe, in terms of phylogeography and population genetics. The common vole
comprises two parapatric chromosomal races which are often considered subspecies, or even
species, with the names M. arvalis and M. obscurus (Eversmann, 1841) (Fig 1A). The two
forms may be distinguished both from their karyotypes and mitochondrial cytochrome b
(cytb) variation [23–25]. In this study we focus on the nominate form, for which six mitochon-
drial DNA (mtDNA) lineages have been described, based on cytb (Fig 1A). Previous studies on
the phylogeography of this species suggest that mtDNA is an excellent marker for identifica-
tion of its glacial refugia and study of its range expansion, as in the case of its sympatric conge-
ner, M. agrestis [26, 27]. Three of the mtDNA lineages probably originated from southern
refugia (the Western-South lineage from the Iberian Peninsula, the Italian lineage and the Bal-
kan lineage [24, 28, 29]) while three lineages probably originated in northern refugia (the
Western-North lineage from a refugium located in the vicinity of central France, the Central
lineage from a refugium close to the Alps and the Eastern lineage, which may have been
derived from the vicinity of the Carpathian Mountains [28, 30, 31]).
Previous studies of the Eastern lineage have been geographically limited, confined mainly
to Poland [24, 30]. Based on these studies, it has previously been inferred that this lineage origi-
nated in the Carpathians, because of its distribution and the presence of fossils in the region
over the last 25 000 years [30, 32, 33]. Earlier microsatellite analyses revealed subdivision of the
Eastern mtDNA lineage into two genetic groups [34]. Given the results of the earlier studies
from Poland, placed in the wider context of what is known about the common vole, the Eastern
lineage is an excellent model system for an in-depth study of a small mammal population which
potentially derives from a northern glacial refugium. Here, we collected many more individuals
from central and eastern Europe to increase the range and number of individuals sampled. We
analyzed 318 individuals from 140 locations in 13 countries, allowing us to determine the entire
range of the Eastern lineage, and to more accurately identify both its refugial history and the
subsequent expansion and re-colonization pattern of the species in this part of Europe.
Phylogeography of a Common Vole Lineage
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Fig 1. Map of distribution of mtDNA lineages of the common vole in Europe with new and previously
obtained sequences. (A) Distribution of common vole cytochrome b samples used in this study, newly
sequenced and from GenBank [24, 28–30]. The brown area shows the range of the species in Eurasia. The
solid line marks the hybrid zone between the western (arvalis) and eastern (obscurus) forms; only the data for
the western form are used in this study. Sampling localities are colored according to the cytochrome b lineage.
(B) Distribution of common vole cytochrome b samples in central Europe belonging to the Eastern mtDNA
lineage, both newly sequenced and from GenBank. The blue circles match the location of the Balkan mtDNA
lineage, which makes contact with the Eastern lineage to the south. The yellow circles show the occurrence of
the Central mtDNA lineage to the north of the area occupied by the Eastern lineage, including where they
make contact. The black stars mark the locations where Microtus rossiaemeridionalis was found among the
samples sequenced (KX380179-KX380191). Location numbers on the map are listed in S1, S2 and S3
Tables.
doi:10.1371/journal.pone.0168621.g001
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Specifically, this broad sampling allows us to consider the following questions relating to
occupation of northern glacial refugia by the common vole: (i) Is the pattern of mitochondrial
and microsatellite variation consistent with the Eastern lineage deriving from the Carpathian
Basin, as opposed to a refugium or refugia located elsewhere? (ii) How does the timing of
expansion of the Eastern lineage relate to events during the last glaciation, particularly the
LGM? (iii) Is the differentiation that is evident in Poland, based on microsatellite variation,
replicated at a wider scale in the Eastern lineage and what is the implication for the refugial
population and its subsequent expansion? Overall, the level and density of sampling in the area
surrounding this northern refugium provides an exceptionally detailed perspective on the rela-
tionship between genetic variation in a contemporary population and the refugium, or refugia,
from which it originated.
Materials and Methods
All capture and handling procedures of voles in Poland were approved by the Local Ethics
Committee for Animal Experiments in Białystok (Decision no: 5/2013). Samples of voles from
Croatia, Czech Republic, Hungary, Romania, Serbia and Slovenia were collected according
to the Legislation of Nature Protection and Legislation of Animal Welfare valid in these coun-
tries and permission to the Slovenian Museum of Natural History given by the Veterinary
Administration of the Republic of Slovenia. No additional permits from Ethics Committee
were needed. All capture and handling procedures of the common voles from Russia and
Ukraine were approved by the Animal Care and Use Committee of the A.N. Severtsov Institute
of Ecology and Evolution of the Russian Academy of Sciences (official letter from the deputy
director of the Institute, no: 3485/09). No additional permits were required. Permission from
the landowners was obtained where necessary. Samples were not collected from protected
locations and field studies did not involve endangered, threatened or protected species.
Mitochondrial DNA
We obtained new mtDNA data from 177 samples of the common vole from Poland, Belarus,
Russia, Moldova, Ukraine, Czech Republic, Hungary, Slovenia, Croatia, Romania, and Serbia
(Fig 1, S1 Table). Samples were collected between 1995 and 2015 and preserved in 96–98%
ethanol. Additionally, our collection included samples from central and southern Ukraine
and Armenia but all of them appeared to be the southern vole (Microtus rossiaemeridionalis),
a sibling species almost identical in morphology to the common vole [35]. We obtained 13
complete cytb sequences from those samples and they were identified using BLAST (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). They were not included further in the analyses performed in
this study. The sequences obtained were deposited in GenBank (accession numbers: KX380179-
KX380191).
Total genomic DNA was extracted using Syngen Tissue DNA Mini Kit in accordance with
the manufacturer’s instructions. The amplification and sequencing of the complete cytb
sequence (1143 bp) were conducted according to methods described by Wo´jcik et al. [10],
using primers described by Stojak et al. [30], in two overlapping fragments, each 500–600 bp
in length. We also included negative PCR controls without template DNA. Additionally, we
used 609 sequences obtained from previous studies (Fig 1A; for the whole list of locations see
S1, S2 and S4 Tables in [30]). In all, we analyzed cytb sequences from 786 individuals (Fig 1A,
S1 and S2 Tables).
The nucleotide sequences were aligned and manually checked in BioEdit 7.2.5 [36]. As in
our previous study [30], the complete alignment was shortened to 1000 bp. The distribution
of polymorphic nucleotide and amino acid sites, number of transversions and transitions,
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synonymous and non-synonymous changes and position of stop codons in cytb sequences
obtained from newly-collected individuals were determined in DnaSP 5.1 [37] using the
method of Degli Esposti et al. [38].
A median-joining network was constructed for all 786 sequences in Network 4.6 [39], to
establish the overall pattern of mitochondrial genetic variation in the species.
We used Bayesian genealogy sampling in BEAST 1.8 [40], with all 786 sequences, to esti-
mate the time to most recent common ancestor (tMRCA) for each lineage. The analysis was
carried out according to the procedure described by Stojak et al. [30], using the HKY+Γ substi-
tution model. A strict molecular clock was compared with an uncorrelated lognormal relaxed
molecular clock [41]. Two demographic models were tested: skyline and constant population
size [42]. For model selection, path sampling and stepping-stone sampling [43] were used to
estimate marginal likelihoods (MLEs) for each model, based on four independent MCMC
chains, each comprising 1000 steps of 100 000 generations, following 10 million generations
burn-in. In each case, sampling was considered sufficient, as the estimates from the two meth-
ods (path sampling and stepping-stone sampling) converged on similar values. The MLEs
were then used to obtain the Bayes Factor for each comparison to determine the best-fitting
model [44]. The previously estimated clock rate of 3.27 x 10−7 substitutions/site/year-1 was
used to calibrate the genealogy and date tMRCAs of each lineage [28, 30]. Posterior distribu-
tions of tMRCA and other model parameters were obtained from four independent MCMC
simulations (each run for 200 million generations, with effective sample size for each parame-
ter over 200), using TRACER 1.5 [45]. Posterior samples from the four chains were combined,
using LogCombiner, part of the BEAST package. The Maximum Clade Credibility (MCC) tree
was obtained using TreeAnnotator, part of the BEAST package, and visualized with FigTree
1.4 (http://tree-bio.ed.ac.uk/). The analyses were repeated without sequence data to test the
effect of the joint prior distributions on the posterior distributions for each parameter of
interest.
Nucleotide and haplotype diversity were calculated in DnaSP. To test for recent population
expansion in mitochondrial lineages, we applied three tests in Arlequin 3.5.1.2 [46]: Tajima’s
[47] D and Fu’s [48] FS statistics and the mismatch distribution using sum of squared devia-
tions SSD [49], with significance inferred using 1000 bootstrap replicates. Subsequently, we
calculated time since expansion for lineages in which all three tests confirmed recent expan-
sion (Tajima’s D and Fu’s FS significant, SSD not significant; see [16, 30, 50]). The estimate was
calculated according to a method based on the Tau value (Tau = 2ut, where u is the mutation
rate and t is the mean generation time [51, 52]) using an online tool described by Schenekar
and Weiss [53] (mismatch calculator, kindly provided by Stephen Weiss). Tau values were
calculated in Arlequin, the substitution rate of 3.27 x 10-7substitutions/site/year-1 was applied
and the generation time was assumed to be one year [28, 30]. To examine the demographic
expansion of the Eastern lineage, a Bayesian skyline plot was prepared in TRACER, according
to the method described in [30]. In this analysis we used all 318 sequences belonging to this
lineage.
Geographic variation in nucleotide diversity (π) for the Eastern lineage was mapped with
interpolation using ArcGIS 10.3.1 Geostatistical Analyst (ArcGIS Desktop: Release 10.3 Red-
lands, CA: Environmental Systems Research Institute 2015). Populations with only one indi-
vidual were excluded to avoid cases where π is equal to 0. Altogether we used 293 sequences
from 74 populations. Interpolation was carried out using an Inverse Distance Weight model
(IDW, power = 1, based on 12 neighbors) which uses a linear-weighted combination set of
sample points, assigned as a function of the distance of an input point from the output cell
location. This means that the greater the distance is, the less influence the input cell obtained
has on the results.
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Microsatellite DNA
We used 311 new specimens for microsatellite analysis, obtained from the Carpathian
Basin, Russia and the Balkans, together with 188 specimens which were already analyzed in
the previous study of Stojak et al. [34]. We initially used the previous panel of 11 microsatel-
lite loci as described by Stojak et al. [34], following the same protocols. However, this was
reduced for this study by the exclusion of loci AV12, Moe5 and MSM2, due to excessive
missing data or risk in identification of false alleles as a result of non-specific amplification.
Negative PCR controls without template DNA were included for each set of samples and
each multiplex. We repeated the PCR for 15% of samples to test for error. All genotypes
were independently scored three times. Altogether, we conducted the study on 499 individ-
uals from 61 localities (Fig 1B). Sample sizes for populations varied, ranging from 1–16 indi-
viduals. A complete list of populations, localities and number of individuals are given in
S3 Table.
Only populations with five or more individuals were included in all population-level analy-
ses. Observed (HO) and expected heterozygosity (HE) were calculated in Arlequin. FSTAT v.
2.9.3 [54] was used to determine deviations from Hardy-Weinberg Equilibrium (HWE), allelic
richness (AR) and to test for linkage disequilibrium between all pairs of loci in each population
(using 10,000 simulations). Null alleles were identified in Micro-Checker v. 2.2.3 [55]. Pairwise
FST values [56] between populations within each species were estimated in FSTAT, determin-
ing significance using 10,000 permutations under sequential Bonferroni corrections [57]. The
relationship between pairwise genetic (FST) and geographic distances was tested using a Man-
tel test [58] in IBDWS v. 3.23 [59].
To establish the number of genetic clusters occurring across central Europe we initially
used Bayesian analysis in STRUCTURE 2.3.4 [60]. Ten independent runs of 500,000 genera-
tions with 100,000 generations of burn-in were performed for each value of K (1–20) under
the admixture model and with the assumption that allele frequencies among populations are
correlated. The optimal number of clusters were identified using the Evanno method (ΔK;
[61]) and mean posterior probability of the data (Ln(K); log probability). Calculations were
conducted in STRUCTURE HARVESTER [62]. We assigned populations to a particular clus-
ter according to assignment probability q 0.8. Populations with assignment probability of
0.2< q< 0.8 were classified as ‘intermediate’ [34, 63]. We used Clumpp 1.1.2 [64] and Dis-
truct 1.1 [65] to assemble 10 independent runs of best-fitting values of K and to generate
graphical representations.
Additionally, we performed Spatial Principal Components Analysis (sPCA; [66]) in R stu-
dio [67], to describe genetic differentiation and identify potential genetic structure across all
populations from central Europe. Within that package, a G test was used to check for global
(overall) structure and an L test for local (smaller scale) structure. Both tests were conducted
using 999 permutations. The algorithm used in sPCA is modified such that the principal axes
maximize spatial autocorrelation instead of correlation. Unlike methods such as STRUC-
TURE, sPCA does not take into consideration Hardy-Weinberg Equilibrium (HWE) or the
extent of linkage disequilibrium [66, 68].
Interpolation of allelic richness (AR) and expected heterozygosity (HE) were conducted for
42 populations to identify potential hotspots of genetic diversity to complement the nucleotide
diversity analysis with cytb. Only populations with 5 or more individuals were included. Two
Russian populations were excluded from this analysis because they were geographically distant
from all the other populations. Analyses were carried out using ArcGIS 10.3.1, adopting the
same model as for cytb.
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Results
Mitochondrial cytb sequences
Amplification of the complete cytb sequence (1143 bp) was successful for all 177 new samples
of the common vole (S1 Table). We found no contamination in negative controls. The distri-
bution of polymorphic nucleotide sites showed that substitutions are mostly in the third codon
position, with a higher ratio of transitions (106Ts:13Tv; S4 Table). Non-synonymous changes
occurred at the first codon position more often than at the second. Substitutions were mostly
in the third codon position, with a higher ratio of transitions and only one (final) stop codon
was identified (nucleotide positions 1141–1143). We found a much higher number of synony-
mous than non-synonymous changes (99: 20). These results are in agreement with a pattern
that has been previously described by Irwin et al. [69] in mammals (and other taxa).
The 177 new sequences had 126 polymorphic sites, 85 of which were phylogenetically infor-
mative, and 97 haplotypes were identified. All 786 sequences analyzed contained 267 polymor-
phic sites, 181 of which were phylogenetically informative, and 309 haplotypes were identified.
No nuclear mitochondrial DNA segments (numts) [70, 71] were found. PCR amplifications
always produced only one band and we found no ambiguities in the sequences obtained–there
were no unexpected stop codons, deletions, insertions or changes in the reading frame; all
sequences were in concordance with the rest of cytb sequences of the common vole from
GenBank.
The network analysis allowed us to assign the new sequences to the six previously described
mtDNA lineages [24, 28–30, 72]. Eight new sequences from the Balkan region were assigned
to the Balkan lineage, three from north-western Poland to the Central lineage and the remain-
ing 166 to the Eastern lineage (Fig 2).
In the cytb genealogy, illustrated by the MCC tree and obtained from MCMC simulations
with a coalescent model, all of the sequences were again included in the six previously identi-
fied lineages (S1 Fig). Using all 786 sequences, the marginal likelihood estimates (MLEs) for
skyline and constant population size demographic models were -9474.7 and -9684.5, respec-
tively. A coalescent skyline model was therefore chosen over a constant population size model
(Bayes Factors BF: 209.8) and an uncorrelated relaxed lognormal molecular clock was chosen
over a strict molecular clock (MLEs: -9474.7 and -9509.4 respectively; BF: 34.7). In the Bayes-
ian genealogy, all six lineages were highly supported (posterior probabilities either 0.99 or 1.0).
While the Balkan and Italian lineages were entirely distinct from all of the other lineages, the
Western-North and Western-South lineages formed a distinct and well-supported clade
(PP = 0.95), as did the Central and Eastern lineages (PP = 0.99). The deeper splits in the geneal-
ogy were not supported and the relationship between the lineages is therefore uncertain.
The root of the genealogy was dated to 67.0 kya (with lower and upper 95% highest poste-
rior density HPD limits of 41.8 and 104.5 kya, respectively;Table 1). The Eastern lineage,
which is the lineage of main interest here, had a tMRCA estimate of 22.4 kya (95% HPD: 13.5–
29.8 kya). The two Western lineages had similar tMRCA estimates of approximately 25 kya
(95% HDP: 12.7–36.0 kya for Western-North and 12.0–37.5 kya for Western-South) (Table 1).
The Balkan lineage had a tMRCA of 18.2 kya (95% HPD: 8.5–28.7 kya), whereas the tMRCAs
of the Italian and Central lineages were 13.9 kya (95% HPD: 5.9–20.4 kya) and 16.3 kya (95%
HPD: 8.5–22.6 kya), respectively (Table 1).
Genetic variation in the three lineages from eastern Europe, which are those of interest
here, is summarized in Table 2. Nucleotide diversity (range: 0.0050–0.0073) and haplotype
diversity (range: 0.960–0.977) were highest for the Eastern lineage and lowest for the Central
lineage. The Central and Eastern lineages had significant values of Tajima’s D and Fu’s FS and
non-significant SSD values, all of which indicate recent demographic expansion. Based on the
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mismatch Tau values, the Central lineage began to expand 6.3 kya (95% CI: 3.7–10.7 kya) and
the Eastern lineage 8.3 kya (95% CI: 4.8–13.9 kya). The Bayesian skyline plot obtained for the
Eastern lineage suggested that population expansion started approximately 10 kya (S2 Fig).
Fig 2. The network of cytb haplotypes of the common vole from Europe. Median-joining network of cytochrome b
haplotypes of the common vole, colored according to mtDNA lineage (blue–Balkan, B; orange–Italian, ITA; pink–
Eastern, E; yellow–Central, CEN; violet–Western-South, WS; green–Western-North, WN). The area of the circles
represents the number of sampled individuals with that haplotype. Small open circles indicate unsampled intermediate
haplotypes.
doi:10.1371/journal.pone.0168621.g002
Table 1. Time to most recent common ancestor (tMRCA) for the common vole population and for the
six cytochrome b lineages, with median and 95% highest posterior density (HPD) limits estimated
from 720 million post-burn-in generations obtained from four independent MCMC simulations in
BEAST.
95% HPD lower limit (kya) Median (kya) 95% HPD upper limit (kya)
Tree root 41.823 66.968 104.554
Eastern 13.468 22.376 29.815
Central 8.506 16.274 22.571
Western-North 12.719 24.621 36.003
Western-South 12.026 24.937 37.459
Italian 5.855 13.879 20.449
Balkan 8.530 18.200 28.749
doi:10.1371/journal.pone.0168621.t001
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The interpolation of nucleotide diversity in the Eastern lineage showed that this is highest
in the Carpathian area and decreases northwards with increasing distance from this area
(Fig 3).
Microsatellites
We analyzed eight microsatellite loci in 499 individuals of the common vole (S5 Table). There
were only 0.33% missing data among all samples. No errors were found in the re-genotyped
individuals. The estimates for HO and HE, together with the identification of null alleles, are
shown in S6 Table. The diversity ranged from 0.535–0.903 (HO) and 0.581–0.925 (HE). Null
alleles were identified only for Moe6 in a few populations. As this locus had little influence on
the overall results, it was not excluded from further analyses (see below).
At the population level, values of allelic richness (AR), observed heterozygosity (HO) and
expected heterozygosity (HE) varied from 4.49–7.47, 0.667–0.925 and 0.768–0.916, respectively
(S3 Table). Only five populations significantly differed from HWE expectations after Bonfer-
roni correction. Tests of linkage disequilibrium over all populations revealed significant link-
age at all loci for two populations from Aleksinac (Serbia) and Česky Dub (Czech Republic).
Overall population differentiation was rather low (FST = 0.040, 95% CI: 0.032–0.048) and
this value is nearly identical after removing the Moe6 locus (FST = 0.041, 95% CI: 0.031–0.050).
There was significant differentiation between some pairs of populations (S7 Table). A Mantel
test of the relationship between genetic and geographic distances revealed a weak and non-sig-
nificant isolation by distance pattern for the common vole in central and eastern Europe (r =
0.1725, P = 0.068). This overall pattern of genetic differentiation is consistent with that from
earlier studies of the common vole [31, 34].
The values of Ln(K) and ΔK, obtained with STRUCTURE were not entirely consistent (S3
Fig). From Ln(K) there was support for K = 9, while from ΔK three values were supported
(K = 2, 3 and 9). With K of two or three, there was a clear pattern of group membership within
populations and this was reflected in the geographical distribution of the populations (Fig 4
and S4 Fig). In contrast, with K = 9 there was little consistency of group membership within
populations (Fig 4).
In the sPCA analysis, only the highest eigenvalue is dominant (S5A and S5B Fig). The pres-
ence of positive eigenvalues indicates potential global patterns, however the G test revealed no
significant global structure (observation = 0.0049, P = 0.225, S5C Fig). The L test results were
also not significant, showing no local structure (observation = 0.0056, P = 0.225, S5D Fig). The
Table 2. Genetic variability within cytochrome b lineages of Microtus arvalis. It contains individuals newly-sequenced for this study, including number
of haplotypes, nucleotide and haplotype diversity, neutrality tests statistics, mismatch distribution represented by sum of squared deviations (SSD) and time
since expansion calculated from Tau values for those lineages showing significant values for both Tajima’s D and Fu’s FS and not significant for SSD (see
text).
Lineage N Number of
haplotypes
Nucleotide
diversity (π)
Haplotype
diversity (h)
Tajima’s
D
Fu’s FS SSD Tau (95% CI) Time in ky since
expansion (95% CI)
Balkan 30 22 0.0067 0.970 -1.037 -25.155*** 0.006 5.170 (2.637–
10.393)
-
Central 113 48 0.0050 0.960 -2.206 * -25.123*** 0.003 4.144 (2.343–
6.999)
6.337 (3.722–10.702)
Eastern 318 135 0.0073 0.977 -2.028* -24.377*** 0.001 5.416 (3.160–
9.092)
8.282 (4.832–13.903)
N–number of cytb sequences
*, P<0.05
***, P<0.001; for Tajima’s D, Fu’s FS and SSD statistics.
doi:10.1371/journal.pone.0168621.t002
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plots with spatial representation of values for each population revealed that genetic differentia-
tion between them was rather low and no distinct separation was observed (S6 Fig).
The interpolations of both allelic richness (AR, Fig 5A) and expected heterozygosity (HE,
Fig 5B) showed that diversity is highest in the north-eastern part of the Carpathian Basin and
this diversity decreases gradually away from this area.
Discussion
The common vole Microtus arvalis is a particularly well-studied phylogeographic model spe-
cies in Europe. A number of previous studies have revealed multiple mtDNA lineages of this
species, based on cytb sequences, and the distribution of these lineages has been related to
end-glacial biogeographic history [24, 28–30, 72]. The use of other genetic markers, such as
microsatellites or those on the Y-chromosome, have generally revealed patterns congruent to
those found with mtDNA [28, 31, 73, 74].
Here, we substantially enhanced the geographic coverage of cytb sequences of M. arvalis in
central and eastern Europe. In our analysis of cytb, we made use of all 786 sequences available
(including the samples in this paper and in GenBank) to confirm the six mtDNA lineages pre-
viously described in the species (Western-South, Western-North, Italian, Central, Eastern and
Balkan; Fig 1A). Our material also included samples from central and southern Ukraine and
Armenia but all of them appeared to be from the southern vole (Microtus rossiaemeridionalis),
Fig 3. Interpolation of nucleotide diversity in common voles from central Europe. IDW interpolation of the nucleotide diversity
(π) values of cytochrome b sequences from 74 populations of the common vole from the Eastern mtDNA lineage. The locations of
populations are marked with black dots on the map and the π values for them are given in the text. The interpolated values of the
nucleotide diversity based on 12 neighbors are presented in the map in different colors according to the legend. Only samples
with 2 individuals were used for interpolation.
doi:10.1371/journal.pone.0168621.g003
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a sibling species almost identical in morphology to the common vole [35], suggesting that the
range of the common vole does not extend into these areas.
While European temperate species were traditionally thought to have occupied Mediterra-
nean glacial refugia, the possibility of more northerly refugia has been promoted since the
1980s [6, 9, 11–13, 16], however studies of present-day populations in the vicinity of these refu-
gia and expansion routes from them have not been exceptionally detailed. The common vole
lineages which may derive from such northern refugia are the Western-North lineage (with a
refugium located somewhere in central France; [28]), the Central lineage (with a refugium
located somewhere in the Alpine region; [73]) and the Eastern lineage (with a refugium located
in the Carpathians; [30]). However, the status of any of these putative common vole refugia, as
a source for contemporary genetic variation, has not been thoroughly examined. The Eastern
lineage and the status of its proposed Carpathian refugium are the focus of the present study.
The existence of northern refugia is very interesting in a physiological sense, as the survival of
a temperate species in these refugia would suggest that it has high resistance to the severe, dry
and sub-arctic climatic conditions present at such latitudes during the LGM and Younger
Dryas [4, 5, 18, 21, 22]. Such populations may have been able to expand rapidly on ameliora-
tion of the climate after the end of the cold period. Northern refugia may therefore have made
a substantial contribution to the contemporary genetic diversity of high latitudes in Europe [9,
13, 14].
We analyzed 318 cytb sequences from the Eastern lineage, with excellent coverage of its dis-
tribution between the Balkans and Baltic Sea. This area which would have been affected by
severe glacial conditions during the LGM [4, 5], but nevertheless includes the vicinity of the
Carpathian Mountains, proposed as a refugium for a variety of animals and plants, including
hornbeam (Carpinus betulus; [13]), crested newt (Triturus cristatus; [75]) and brown bear
Fig 4. Bayesian clustering in STRUCTURE for the common vole from central Europe. Results of the Bayesian clustering analysis
implemented in STRUCTURE under the admixture model, based on the microsatellite dataset. Plots: vertical columns represent the
assignment probabilities to each of the inferred clusters identified for K = 2, 3 and 9. Numbers on horizontal axis match population localities
shown in S3 Table. Maps: simplified representation of the structure revealed for K = 2 (above) and K = 3 (below). Localities are colored
according to cluster with the highest assignment following the same coloring as the plots.
doi:10.1371/journal.pone.0168621.g004
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(Ursus arctos; [76]). The Carpathian region has a well-established fossil history, including
remains of common voles and other small mammals, from the time of the LGM [32, 33].
To address the first question of our study, we tested several properties of the Eastern line-
age, to establish if the pattern of its mitochondrial variation is consistent with its derivation
from a refugium located in the vicinity of the Carpathian Mountains. The distribution of the
lineage clearly supports this hypothesis, as it is present in a wide area of central Europe, with
the Carpathians in the centre of its range. Moreover, we observed a continuous spread of the
lineage north of the Carpathians. Three diversity indices also provide evidence in support of
the hypothesis (Figs 3 and 5). Relatively high levels of genetic diversity are expected in refugial
areas for temperate species, due to the survival of large, demographically stable populations
over a long period of past climatic oscillations [77, 78]. Here we show, using both mtDNA
(nucleotide diversity) and microsatellite markers (allelic richness and expected heterozygosity)
that there are hotspots of genetic diversity for the common vole in the Carpathians and their
close proximity. The interpolations and plots showed a distinct reduction of genetic diversity
with distance from the Carpathian Basin and are also consistent with a northward route of re-
colonization from there (Figs 3 and 5). Another, previously proposed, refugial area for this
lineage is the Balkan Peninsula [24], but this seems unlikely as this area is occupied by another
mtDNA lineage [29]. Although there are fossil records of the common vole from the vicinity
Fig 5. Interpolation of allelic richness and expected heterozygosity in common voles from central Europe. IDW interpolation
of (A) allelic richness (AR) and (B) expected heterozygosity (HE) for microsatellites from 42 populations of the common vole in
central Europe. The locations of populations are marked by black dots in the maps and the AR and HE values for them are given in
the text. The interpolated values of both indices based on 12 neighbors are presented in the maps in different colors according to the
legend. Only samples with 5 individuals were used for interpolation. Two Russian populations were excluded from the analysis
because they were so distant from other populations.
doi:10.1371/journal.pone.0168621.g005
Phylogeography of a Common Vole Lineage
PLOS ONE | DOI:10.1371/journal.pone.0168621 December 16, 2016 12 / 20
of the Carpathians at the time of the LGM [32, 33], ancient bone fragments without associated
DNA cannot give an indication of which lineage was present at that time [79–81]. A very simi-
lar pattern of contemporary DNA variation to that of the common vole is observed in the bank
vole where the ‘Carpathian’ lineage is more widespread in central Europe than the ‘Balkan’
lineage, which is present only in close proximity to its refugial area [9]. In the case of the bank
vole, gene flow and demographic expansion were also observed from the Carpathian region to
the south, not only northwards. This pattern was inferred using an isolation by migration (IM)
model, which employs a Bayesian coalescent method and relies on the assumption that there is
continuing gene flow between the two descendant populations which were derived from the
split of the ancestral population. The estimated rate of gene flow into the ‘Carpathian’ lineage
was equal to zero, while the gene flow outward from this lineage was significant [9].
It may be also hypothesized that the Eastern lineage of the common vole derived from refu-
gia located somewhere close to the Ural Mountains or the Russian Plains and spread from
such distant areas to central Europe after the LGM. For instance, Deffontaine et al. [82] sug-
gested that the Eastern clade of the bank vole most likely derived from a refugium in the vicin-
ity of the Urals and expanded its range to central Europe. However, the range of the Eastern
lineage of the common vole does not include areas to the east of the Vladimir region, where
the obscurus chromosome race occurs. Therefore, this hypothesis does not seem to be
supported.
The second purpose of our study was to establish the timing of expansion of the Eastern
lineage and to determine how it relates to events which occurred during the last glaciation.
Coalescent genealogy sampling in BEAST, using the molecular clock rate that was established
from common vole ancient DNA [28], inferred a median tMRCA for the Eastern lineage of
22.4 kya (95% HPD limits of 13.5 and 29.8 kya). This indicates that the Eastern lineage origi-
nated from a genetic bottleneck around the time of the LGM, when the species was known to
be present in the Carpathians [32, 33]. Based on the mismatch Tau value, the median time for
the onset of expansion of the Eastern lineage was 8.3 kya (95% CI from 4.8 to 13.9 kya). This
date is broadly consistent with the time of demographic expansion that was estimated from
coalescent genealogy sampling, in the present and earlier studies, at around 10 kya (S2 Fig,
also see Fig 4 in [30]). These various estimates suggest that the Eastern lineage of the common
vole was present in the Carpathian Basin during both the LGM and YD periods and re-colo-
nized central and eastern Europe from this refugium at the beginning of the Holocene, after
the last glacial retreat.
The final purpose of our study was to determine if the microsatellite differentiation that we
found in our previous study of genetic variation in common voles from Poland [34] would be
confirmed in a broader area of central Europe and, if so, what information it reveals about the
population history of the species in the region. The previous study [34] described an eastern-
western subdivision in Poland for both M. arvalis and M. agrestis. In this study, STRUCTURE
analysis with samples of M. arvalis suggested that this pattern is also evident on a wider scale
in central Europe. The eastern group occurs across eastern Poland, eastern Hungary, Russia
and Serbia and the western group is present in western Poland, western Hungary and the
Czech Republic (Fig 4 and S4 Fig). Again, as in the previous study, there were mixed (presum-
ably hybrid) populations with intermediate levels of assignation to one of the two genetic
groups. These populations are located between the eastern and western groups, in a broad con-
tact zone (see Fig 4 and S4 Fig). However, there is a need to be cautious with the STRUCTURE
results, because three possible values of K or genetic clusters (K = 2, 3 or 9) were inferred. The
choice of K = 2 is based on the a priori data from [34], and cannot therefore be viewed as defin-
itive. Results from a second spatial genetics program, sPCA, showed very weak differentiation
between all populations across central Europe. The sPCA revealed no genetic structure and no
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division into genetic groups was indicated (see S6 Fig). These results were supported by low
overall differentiation (FST = 0.04) and significant differentiation between only some pairs of
populations. There was a similar lack of confirmation of the STRUCTURE results in the previ-
ous study within Poland [34], where STRUCTURE revealed two genetic groups in Poland but
Discriminant Analysis of Principal Components (DAPC) showed weak differentiation across
the country.
This study is the first to examine genetic variation, using microsatellite data, in common
vole populations from a wide area of central Europe. Previous studies were confined to western
Europe [28, 31]. The samples used in these microsatellite analyses were collected from an area
where the Eastern mtDNA lineage predominates, and only five populations from north-west-
ern Poland were assigned to the Central mtDNA lineage. As in our earlier study [34], we did
not find congruence between the mtDNA and microsatellite results, as the few Central lineage
populations were not distinctive from the Eastern lineage. This differs from what has been
found in Switzerland, where microsatellites also show differentiation in the contact zone of the
Central and Western mtDNA lineages of common vole [31, 73, 74]. The number of loci used
in the different studies is similar: eight loci in this study, 11 loci in [34] and 12 loci in the study
in Switzerland [31]. Given that relatively few samples that were not from the Eastern lineage
were examined in our study, it is unwise to use our data to make strong statements about dif-
ferentiation between lineages. However, we are in a position to discuss the degree of substruc-
ture within the Eastern lineage.
We assume that the weak eastern-western effect may reflect historical or ecological factors
that influenced the common vole in this region. Division into two genetic groups may have
resulted from environmental factors during the late Pleistocene and early Holocene. During
the YD river corridors were very broad and covered by permafrost patches [83] and probably
the Vistula river was a geographic barrier hindering gene flow between vole populations dur-
ing that time. Around 10 kya, during the period of rapid warming at the beginning of the
Holocene, deciduous forest expanded and the Polish territory became influenced by oceanic
climate [84]. This resulted in flooding over a large area, which could have formed a barrier to
re-colonization in the common vole. The middle Vistula river valley, built of sand dunes, was
mostly reshaped by wind between 10.7 and 10.5 kya but its stabilization continued until 9.3
kya. In the case of the Hungarian Plain this process took even longer [84]. The K = 2 pattern
on the map (Fig 4) seems to correspond quite well to the Vistula and Danube river valleys. The
pattern observed for K = 3 has similarities to that obtained for K = 2. In that case the western
group still has the same distribution while the eastern group shows a degree of subdivision.
According to the conclusions presented above and our previous study [34], we assume that the
pattern obtained for K = 2 may best explain the observed diversity in the common vole popula-
tions in central Europe. In either case, the pattern has become largely obscured by later gene
flow, which explains the lack of structure that was recovered with the sPCA.
Extensive sampling allowed us to perform an in-depth analysis of genetic diversity through-
out the Eastern lineage of the common vole. Results of our study suggest that this lineage
expanded from the Carpathian refugium and support an assumption that the Carpathians play
an important role as a biodiversity hotspot (see in [85] for a recent review). Our study also sup-
ports a hypothesis that a part of central and eastern Europe (present-day Poland) does indeed
form a phylogeographic suture zone [10]. Other species display a contact zone in Poland, for
example, the bank vole, the common shrew (Sorex araneus) and the weasel [10, 16, 86]. Phylo-
geographic investigations in the central and eastern parts of Europe are important to examine
colonization processes, including the meeting of lineages and the relative impact of southern
and northern refugia on the postglacial colonization history of Europe.
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Supporting Information
S1 Fig. Bayesian genealogy of the common vole from Europe. Maximum clade credibility
tree for 786 cytochrome b sequences of Microtus arvalis, summarized and annotated from
7200 trees re-sampled from 720 million post-burnin generations of Bayesian genealogy sam-
pling. For genealogy calibration the substitution rate of 3.27 x 10−7 substitutions/site/year was
used (see text). The horizontal axis is in thousands of years ago (kya). Posterior probabilities of
basal nodes indicate support ( 0.95) for each of the six mtDNA lineages (B, Balkan; WS,
Western-South; WN, Western-North; ITA, Italian; E, Eastern; CEN, Central) and for higher
level lineages. Grey bars show 95% HPD intervals for time to most recent common ancestor of
each lineage.
(TIF)
S2 Fig. Bayesian skyline plot for the Eastern mtDNA lineage of the common vole. Bayesian
skyline plot presenting demographic change in the Eastern mtDNA lineage of the common
vole with the effective female population size on a log scale against time from the present to
17.5 kya.
(TIF)
S3 Fig. The evaluation of the STRUCTURE results for the common vole from central
Europe. The Evanno et al. [61] ΔK (continuous line, left Y axis) and the mean log probability
Ln(K) (open points, right Y axis) results from STRUCTURE for Microtus arvalis from central
Europe based on the microsatellite data.
(TIF)
S4 Fig. Genetic structure in common voles from central Europe. Genetic structure of Micro-
tus arvalis populations in central Europe, based on a Bayesian analysis of microsatellite data
with K = 2. The pattern is consistent with the presence of western and eastern groups (as previ-
ously observed in [34]). Dots show point locations depicted according to the population
assignment into one of two genetic clusters at q 0.8; white—western group, black—eastern
group, shades of grey intermediate representation between the two genetic clusters (0.2<q<
0.8, according to the legend). Locations on the map match localities given in Fig 1 and S3
Table.
(TIF)
S5 Fig. The results of the sPCA for the common vole from central Europe. Spatial Principal
Component Analysis (sPCA) based on microsatellites of the common vole from central
Europe. (A) Positive and negative eigenvalues which reflect potential global and local structure
respectively. Only the first principal component is of sufficient magnitude to be retained. (B)
Distribution of each eigenvalue according to its spatial autocorrelation and variance. ʎ1 repre-
sents the first, highest positive eigenvalue, marked in red in part A. (C) Results of a G test
which tests the whole dataset in searching for global structure and (D) an L test for specifying
possible local structure. The grey bars indicate the simulated values and the black diamond
indicate the actual observed values. In neither case are the observed values outside the distribu-
tion of the simulated values and therefore there is no significant global or local structure.
(TIF)
S6 Fig. The sPCA plots for the common vole from central Europe. Two representations of
scores obtained for each population using Spatial Principal Components Analysis (sPCA),
with a grid indicating the geographical relationship of the populations. The black and white
squares (or grey level variant) represent positive and negative values respectively. Only popula-
tions with 5 individuals sampled were included. (A) Size of the squares reflects their
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differentiation: small squares are less differentiated than large ones. (B) Different absolute val-
ues are presented in different shades of grey. Neither plot shows a distinct pattern of genetic
structure among the populations.
(TIF)
S1 Table. List of specimens of Microtus arvalis for which new cytochrome b sequences were
obtained for this study, including their site of origin (country codes: PL–Poland, BY–Bela-
rus, RU–Russia, MDV–Moldova, UKR–Ukraine, RO–Romania, SLO–Slovenia, CR–Croa-
tia, CZ–Czech Republic, HU–Hungary, SB–Serbia).
(DOCX)
S2 Table. List of those collection localities from central and eastern Europe mapped in Fig
1B which provided previously published data for this study but which were not used to
generate new cytb or microsatellite data. The full list of previously published cytb sequences
that were used in this study are available in S1, S2 and S4 Tables in [30]. The numbers in
square brackets are consistent with the References section. The reference not used in the Refer-
ences section is marked by ‘’ and its full description is given below the table.
(DOCX)
S3 Table. Diversity indices for samples of Microtus arvalisused in this study for microsat-
ellite analysis including sampling locality with geographic coordinates, sample size (n),
observed (HO) and expected (HE) heterozygosity, allelic richness (AR) and the inbreeding
coefficient (FIS). Samples used in the previous study of Stojak et al. [34] are marked by ‘#’. Sig-
nificant values for FIS are given after Bonferroni correction and marked by ‘
’. Only samples
with 5 individuals were used for calculations.
(DOCX)
S4 Table. Distribution of nucleotide polymorphisms with data organized by individual
nucleotides (upper panel) and triplets (lower panel) in the Microtus arvalis cytochrome b
sequences from newly-collected samples from central Europe.
(DOCX)
S5 Table. The microsatellite data obtained in this study for 8 loci of the common vole. The
missing data are marked by ‘-9’.
(XLSX)
S6 Table. Characteristics of loci used in the microsatellite analysis of the whole Microtus
arvalisdataset including observed (HO) and expected (HE) heterozygosity and null alleles.
(DOCX)
S7 Table. Estimates of multilocus FST between all population pairs of Microtus arvalis
based on microsatellites. Population labels are given according to S3 Table. Significant values
are given after Bonferroni correction and marked by ‘’.
(DOCX)
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Fig S1. Bayesian genealogy of the common vole from Europe. 
Maximum clade credibility tree for 786 cytochrome b sequences of Microtus arvalis, 
summarized and annotated from 7200 trees re-sampled from 720 million post-burnin 
generations of Bayesian genealogy sampling. For genealogy calibration the substitution rate 
of 3.27 x 10
-7
 substitutions/site/year was used (see text). The horizontal axis is in thousands of 
years ago (kya). Posterior probabilities of basal nodes indicate support (≥ 0.95) for each of the 
six mtDNA lineages (B, Balkan; WS, Western-South; WN, Western-North; ITA, Italian; E, 
Eastern; CEN, Central) and for higher level lineages. Grey bars show 95% HPD intervals for 
time to most recent common ancestor of each lineage. 
 
  
Fig S2. Bayesian skyline plot for the Eastern mtDNA lineage of the common vole. 
Bayesian skyline plot presenting demographic change in the Eastern mtDNA lineage of the 
common vole with the effective female population size on a log scale against time from the 
present to 17.5 kya.  
 
  
Fig S3. The evaluation of the STRUCTURE results for the common vole from central 
Europe. 
The Evanno et al. [61] ΔK (continuous line, left Y axis) and the mean log probability Ln(K) 
(open points, right Y axis) results from STRUCTURE for Microtus arvalis from central 
Europe based on the microsatellite data. 
 
  
Fig S4. Genetic structure in common voles from central Europe. 
Genetic structure of Microtus arvalis populations in central Europe, based on a Bayesian 
analysis of microsatellite data with K = 2. The pattern is consistent with the presence of 
western and eastern groups (as previously observed in [34]). Dots show point locations 
depicted according to the population assignment into one of two genetic clusters at q ≥ 0.8; 
white - western group, black - eastern group, shades of grey intermediate representation 
between the two genetic clusters (0.2 <q< 0.8, according to the legend). Locations on the map 
match localities given in Fig 1 and Table S3.  
 
  
Fig S5. The results of the sPCA for the common vole from central Europe. 
Spatial Principal Component Analysis (sPCA) based on microsatellites of the common vole 
from central Europe. (A) Positive and negative eigenvalues which reflect potential global and 
local structure respectively. Only the first principal component is of sufficient magnitude to 
be retained. (B) Distribution of each eigenvalue according to its spatial autocorrelation and 
variance. ʎ1 represents the first, highest positive eigenvalue, marked in red in part A. (C) 
Results of a G test which tests the whole dataset in searching for global structure and (D) an L 
test for specifying possible local structure. The grey bars indicate the simulated values and the 
black diamond indicate the actual observed values. In neither case are the observed values 
outside the distribution of the simulated values and therefore there is no significant global or 
local structure.  
  
 
Fig S6. The sPCA plots for the common vole from central Europe. 
Two representations of scores obtained for each population using Spatial Principal 
Components Analysis (sPCA), with a grid indicating the geographical relationship of the 
populations. The black and white squares (or grey level variant) represent positive and 
negative values respectively. Only populations with ≥ 5 individuals sampled were included. 
(A) Size of the squares reflects their differentiation: small squares are less differentiated than 
large ones. (B) Different absolute values are presented in different shades of grey. Neither 
plot shows a distinct pattern of genetic structure among the populations.  
 
S1 Table. List of specimens of Microtus arvalis for which new cytochrome b sequences were obtained for this study, including their site of 
origin (country codes: PL – Poland, BY – Belarus, RU – Russia, MDV – Moldova, UKR – Ukraine, RO – Romania, SLO – Slovenia, CR – 
Croatia, CZ – Czech Republic, HU – Hungary, SB – Serbia).  
Tissue 
number 
DNA ID 
number 
 
Location Latitude (N) Longitude (E) Map reference 
(see Fig 1B) 
cyt b lineage GenBank 
Accession 
Number 
JS033 JS033 Białowieża, PL 52.70 23.87 36 Eastern KX380105 
JS034 JS034 Białowieża, PL 52.70 23.87 36 Eastern KX380106 
JS035 JS035 Białowieża, PL 52.70 23.87 36 Eastern KX380107 
JS071 JS071 BielskPodlaski, PL 52.77 23.19 35 Eastern KX380119 
JS072 JS072 BielskPodlaski, PL 52.77 23.19 35 Eastern KX380120 
JS120 JS120 Urwitałt, PL 53.81 21.64 26 Eastern KX380147 
JS121 JS121 Urwitałt, PL 53.81 21.64 26 Eastern KX380148 
JS122 JS122 Urwitałt, PL 53.81 21.64 26 Eastern KX380149 
JS123 JS123 Urwitałt, PL 53.81 21.64 26 Eastern KX380150 
JS053 JS053 Grodzisk Mazowiecki, PL 52.10 20.64 48 Eastern KX380113 
JS043 JS043 Januszno, PL 51.49 21.51 54 Eastern KX380110 
JS046 JS046 Januszno, PL 51.49 21.51 54 Eastern KX380111 
JS048 JS048 NowyDwór Mazowiecki, PL 52.45 20.69 40 Eastern KX380112 
JS041 JS041 Poddębice, PL 51.89 18.96 46 Eastern KX380108 
JS042 JS042 Poddębice, PL 51.89 18.96 46 Eastern KX380109 
JS064 JS064 Konin, PL 52.22 18.25 42 Eastern KX380115 
JS065 JS065 Konin, PL 52.22 18.25 42 Eastern KX380116 
JS066 JS066 Konin, PL 52.22 18.25 42 Eastern KX380117 
JS068 JS068 Konin, PL 52.22 18.25 42 Eastern KX380118 
JS059 JS059 Zielątkowo, PL 52.55 16.80 68 Eastern KX380114 
JS077 JS077 Sanok, PL 49.56 22.21 99 Eastern KX380123 
JS075 JS075 Wojtkówka, PL 49.56 22.56 100 Eastern KX380121 
JS076 JS076 Wojtkówka, PL 49.56 22.56 100 Eastern KX380122 
JS078 JS078 Wojtkówka, PL 49.56 22.56 100 Eastern KX380124 
Continuation of S1 Table 
JS079 JS079 Wojtkówka, PL 49.56 22.56 100 Eastern KX380125 
JS097 JS097 StaraWieś, PL  49.68 20.40 95 Eastern KX380127 
JS096 JS096 Naszacowice, PL 49.56 20.56 97 Eastern KX380126 
JS101 JS101 Owsianka, PL 50.98 16.87 73 Eastern KX380131 
JS102 JS102 Owsianka, PL 50.98 16.87 73 Eastern KX380132 
JS098 JS098 Strzelce, PL 50.91 16.66 72 Eastern KX380128 
JS103 JS103 Strzelce , PL 50.91 16.66 72 Eastern KX380133 
JS104 JS104 Strzelce , PL 50.91 16.66 72 Eastern KX380134 
JS099 JS099 Dzierżoniów, PL 50.73 16.66 71 Eastern KX380129 
JS100 JS100 Dzierżoniów, PL 50.73 16.66 71 Eastern KX380130 
JS105 JS105 Bronowice , PL 52.91 15.50 64 Central KX380135 
JS111 JS111 Bronowice , PL 52.91 15.50 64 Central KX380141 
JS107 JS107 Skwierzyna, PL 52.60 15.51 63 Eastern KX380137 
JS108 JS108 Skwierzyna, PL 52.60 15.51 63 Eastern KX380138 
JS109 JS109 Skwierzyna, PL 52.60 15.51 63 Eastern KX380139 
JS110 JS110 Skwierzyna, PL 52.60 15.51 63 Eastern KX380140 
JS106 JS106 Trzebicz, PL 52.81 15.75 65 Eastern KX380136 
JS112 JS112 Trzebicz, PL 52.81 15.75 65 Eastern KX380142 
JS113 JS113 Trzebicz, PL 52.81 15.75 65 Central KX380143 
JS117 JS117 Wyczechy, PL 53.69 17.04 17 Eastern KX380144 
JS118 JS118 Wyczechy, PL 53.69 17.04 17 Eastern KX380145 
JS119 JS119 Wyczechy, PL 53.69 17.04 17 Eastern KX380146 
B_1232 B_1232 Wołożyn, BY 54.14 26.41 8 Eastern KX380176 
B_1233 B_1233 Wołożyn, BY 54.14 26.41 8 Eastern KX380177 
B_1234 B_1234 Wołożyn, BY 54.14 26.41 8 Eastern KX380178 
B-20 B-20 Soly, BY 54.60 26.11 7 Eastern KX380151 
B-21 B-21 Soly, BY 54.60 26.11 7 Eastern KX380152 
G13_RU G13_RU Czernogolowka, RU 56.01 38.39 3 Eastern KX380173 
G32_RU G32_RU Czernogolowka, RU 56.01 38.39 3 Eastern KX380175 
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G5_RU G5_RU Czernogolowka, RU 56.01 38.39 3 Eastern KX380174 
G8_RU G8_RU Czernogolowka, RU 56.01 38.39 3 Eastern KX380172 
12-18RU 12-18RU Kubinka – Nara, RU 55.28 36.40 2 Eastern KX380158 
12-19RU 12-19RU Kubinka – Nara, RU 55.28 36.40 2 Eastern KX380159 
7RU 7RU Kubinka – Nara, RU 55.28 36.40 2 Eastern KX380168 
8RU 8RU Kubinka – Nara, RU 55.28 36.40 2 Eastern KX380169 
MIS-1D5 MIS-1D5 Kubinka – Nara, RU 55.28 36.40 2 Eastern KX380165 
11-50RU 11-50RU Ozyory lakes, RU 54.51 38.33 5 Eastern KX380155 
11-58RU 11-58RU Ozyory lakes, RU 54.51 38.33 5 Eastern KX380156 
11-59RU 11-59RU Ozyory lakes, RU 54.51 38.33 5 Eastern KX380157 
13-22RU 13-22RU Ozyory lakes, RU 54.51 38.33 5 Eastern KX380163 
06-38 RU 06-38 RU Zaraysk, RU 54.44 38.52 6 Eastern KX380166 
06-39 RU 06-39 RU Zaraysk, RU 54.44 38.52 6 Eastern KX380167 
K_RU K_RU Chisinau, MDV 47.01 28.86 11 Eastern KX380153 
29o_RU 29o_RU Tarutine, UKR 46.18 29.15 13 Eastern KX380170 
36o_RU 36o_RU Tarutine, UKR 46.18 29.15 13 Eastern KX380160 
37o_RU 37o_RU Tarutine, UKR 46.18 29.15 13 Eastern KX380161 
41o_RU 41o_RU Tarutine, UKR 46.18 29.15 13 Eastern KX380171 
27UKR_RU 27UKR_RU Tylihul Estuary, UKR 47.20 30.88 12 Eastern KX380162 
28UKR_RU 28UKR_RU Tylihul Estuary, UKR 47.20 30.88 12 Eastern KX380164 
8UKR_RU 8UKR_RU Tylihul Estuary, UKR 47.20 30.88 12 Eastern KX380154 
242/14BK 748BK Curtuiseni, RO 47.55 22.20 106 Eastern KX380104 
223/14BK 751BK Curtuiseni, RO 47.56 22.21 106 Eastern KX380091 
251/14BK 740BK Scarisoara, RO 46.46 22.87 107 Eastern KX380093 
229/08 413BK Medvode, SLO 46.14 14.41 135 Eastern KX380101 
231/08-1 414BK Medvode, SLO 46.14 14.41 135 Eastern KX380102 
232/08-1 415BK Medvode, SLO 46.14 14.41 135 Balkan KX380044 
TK485/11 321BK Mohovo, CR 45.25 19.22 120 Eastern KX380100 
TK488/11 322BK Opatovac, CR 45.26 19.17 119 Eastern KX380022 
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JL-1417 627BK Bližna, CZ 48.72 14.10 82 Eastern KX380038 
JL-1418 628BK Bližna, CZ 48.72 14.10 82 Eastern KX380057 
JL-1419 626BK Bližna, CZ 48.72 14.10 82 Eastern KX380092 
JL-1962 629BK Buzica, CZ 48.32 21.04 102 Eastern KX380039 
JL-1969 650BK Buzica, CZ 48.32 21.04 102 Eastern KX380058 
JL-1970 652BK Buzica, CZ 48.32 21.04 102 Eastern KX380059 
JL-1972 648BK Buzica, CZ 48.33 21.05 102 Eastern KX380056 
JL-1 653BK Česky Dub, CZ 50.66 15.00 77 Eastern KX380040 
JL-3 655BK Česky Dub, CZ 50.66 15.00 77 Eastern KX380060 
JL-5 656BK Česky Dub, CZ 50.66 15.00 77 Eastern KX380061 
JL-614 692BK Fladnice, CZ 48.48 15.59 83 Eastern KX380041 
JL-615 693BK Fladnice, CZ 48.48 15.59 83 Eastern KX380042 
JL-616 694BK Fladnice, CZ 48.48 15.59 83 Eastern KX380066 
JL-617 695BK Fladnice, CZ 48.48 15.59 83 Eastern KX380020 
JL-618 696BK Fladnice, CZ 48.48 15.59 83 Eastern KX380043 
JL-645 720BK Koprivnice, CZ 49.60 18.14 92 Eastern KX380068 
JL-646 721BK Koprivnice, CZ 49.60 18.14 92 Eastern KX380069 
JL-642 717BK Koprivnice, CZ 49.60 18.14 92 Eastern KX380067 
JL-1202 614BK Mikulov, CZ 48.81 16.64 85 Eastern KX380037 
JL-173 666BK NovyDrahov, CZ 50.14 12.39 81 Eastern KX380062 
JL-174 668BK NovyDrahov, CZ 50.14 12.39 81 Eastern KX380064 
JL-175 669BK NovyDrahov, CZ 50.14 12.39 81 Eastern KX380063 
JL-176 670BK NovyDrahov, CZ 50.14 12.39 81 Eastern KX380065 
JL-2520 556BK Reporyje, CZ 50.01 14.17 78 Eastern KX380046 
JL-2522 558BK Reporyje, CZ 50.01 14.17 78 Eastern KX380103 
JL-2523 559BK Reporyje, CZ 50.01 14.17 78 Eastern KX380054 
JL-2519 555BK Reporyje, CZ 50.01 14.17 78 Eastern KX380036 
JL-346 585BK Velemin, CZ 50.32 13.58 80 Eastern KX380051 
JL-347 586BK Velemin, CZ 50.32 13.58 80 Eastern KX380052 
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JL-349 588BK Velemin, CZ 50.32 13.58 80 Eastern KX380055 
JL-345 584BK Velemin, CZ 50.32 13.58 80 Eastern KX380047 
268/10 314BK Besenyszög, HU 47.30 20.26 109 Eastern KX380081 
269/10 316BK Besenyszög, HU 47.30 20.26 109 Eastern KX380094 
270/10 317BK Besenyszög, HU 47.30 20.26 109 Eastern KX380089 
271/10 313BK Besenyszög, HU 47.30 20.26 109 Eastern KX380021 
273/10 355BK Görcsöny, HU 45.97 18.13 115 Eastern KX380095 
589/11BK 36BK Gyula, HU 46.65 21.28 108 Eastern KX380002 
590/11BK 37BK Gyula, HU 46.65 21.28 108 Eastern KX380073 
591/11BK 39BK Gyula, HU 46.65 21.28 108 Eastern KX380074 
592/11BK 40BK Gyula, HU 46.65 21.28 108 Eastern KX380075 
1,15,19 02BK Kaposvár, HU 46.36 17.80 113 Eastern KX380071 
1,13,19 03BK Kaposvár, HU 46.36 17.80 113 Eastern KX380072 
1,8,12 01BK Kaposvár, HU 46.36 17.80 113 Eastern KX380070 
307/10-E 141BK Keszthely, HU 46.77 17.25 111 Eastern KX380006 
308/10 143BK Keszthely, HU 46.77 17.25 111 Eastern KX380079 
309/10 140BK Keszthely, HU 46.77 17.25 111 Eastern KX380087 
300/10 139BK Keszthely, HU 46.77 17.25 111 Eastern KX380005 
17/11BK 243BK Kétújfalu, HU 45.96 17.71 117 Eastern KX380082 
389/10 115BK Kis-Balaton, HU 46.64 17.14 112 Eastern KX380097 
425/10 136BK Kis-Balaton, HU 46.64 17.14 112 Eastern KX380086 
385/10 114BK Kis-Balaton, HU 46.64 17.14 112 Eastern KX380045 
E-741/11BK 344BK Kisvárda, HU 48.22 22.08 103 Eastern KX380015 
E-743/11BK 345BK Kisvárda, HU 48.22 22.08 103 Eastern KX380016 
E1-747/11BK 346BK Kisvárda, HU 48.22 22.08 103 Eastern KX380088 
754/11BK 343BK Kisvárda, HU 48.22 22.08 103 Eastern KX380090 
448/10 306BK Lake Matty, HU 45.80 18.26 116 Eastern KX380096 
449/10 308BK Lake Matty, HU 45.80 18.26 116 Eastern KX380098 
450/10 309BK Lake Matty, HU 45.80 18.26 116 Eastern KX380099 
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206/10-E2 164BK Pécs, HU 46.07 18.23 114 Eastern KX380008 
206/10-E3 165BK Pécs, HU 46.07 18.23 114 Eastern KX380009 
206/10-E4 166BK Pécs, HU 46.07 18.23 114 Eastern KX380010 
207/10 162BK Pécs, HU 46.07 18.23 114 Eastern KX380007 
785/11BK 77BK Sopron, HU 47.68 16.58 89 Eastern KX380003 
786/11BK 76BK Sopron, HU 47.68 16.58 89 Eastern KX380076 
787/11BK 78BK Sopron, HU 47.68 16.58 89 Eastern KX380077 
788/11BK 79BK Sopron, HU 47.68 16.58 89 Eastern KX380078 
789/11BK 80BK Sopron, HU 47.68 16.58 89 Eastern KX380004 
230/10-E 177BK Szolnok, HU 47.16 20.18 110 Eastern KX380011 
231/10 178BK Szolnok, HU 47.16 20.18 110 Eastern KX380080 
231/10-E1 179BK Szolnok, HU 47.16 20.18 110 Eastern KX380012 
231/10-E2 180BK Szolnok, HU 47.16 20.18 110 Eastern KX380013 
679/11BK 382BK Tiszaszalka, HU 48.19 22.31 104 Eastern KX380083 
680/11BK 383BK Tiszaszalka, HU 48.19 22.31 104 Eastern KX380084 
681/11BK 384BK Tiszaszalka, HU 48.19 22.31 104 Eastern KX380085 
682/11BK 385BK Tiszaszalka, HU 48.19 22.31 104 Eastern KX380017 
683/11BK 386BK Tiszaszalka, HU 48.19 22.31 104 Eastern KX380018 
E-722/11BK 399BK Zsarolyán, HU 47.95 22.59 105 Eastern KX380019 
E-737/11BK 342BK Zsarolyán, HU 47.95 22.59 105 Eastern KX380014 
181/09 420BK Aleksinac, SB 43.54 21.72 123 Eastern KX380050 
182/09 469BK Aleksinac, SB 43.54 21.72 123 Eastern KX380032 
183/09 422BK Aleksinac, SB 43.54 21.72 123 Eastern KX380023 
184/09 423BK Aleksinac, SB 43.54 21.72 123 Eastern KX380024 
186/10 462BK Dimitrovgrad, SB 43.01 22.77 139 Balkan KX380029 
185/10 463BK Dimitrovgrad, SB 43.01 22.77 139 Balkan KX380053 
188/10 464BK Dimitrovgrad, SB 43.01 22.77 139 Balkan KX380030 
187/10 465BK Dimitrovgrad, SB 43.01 22.77 139 Balkan KX380031 
223/09 495BK Knjaževac, SB 43.57 22.25 138 Balkan KX380033 
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224/09 496BK Knjaževac, SB 43.57 22.25 138 Balkan KX380049 
225/09 497BK Knjaževac, SB 43.57 22.25 138 Balkan KX380034 
226/09 498BK Knjaževac, SB 43.57 22.25 138 Eastern KX380035 
65/09 430BK Vračev Gaj, SB 44.88 21.32 122 Eastern KX380048 
E1-65/09 431BK Vračev Gaj, SB 44.88 21.32 122 Eastern KX380025 
E2-65/09 432BK Vračev Gaj, SB 44.88 21.32 122 Eastern KX380026 
E3-65/09 433BK Vračev Gaj, SB 44.88 21.32 122 Eastern KX380027 
E4-65/09 434BK Vračev Gaj, SB 47.95 22.59 105 Eastern KX380028 
 
 
 
 
S2 Table. List of those collection localities from central and eastern Europe mapped in 
Fig 1B which provided previously published data for this study but which were not used 
to generate new cytb or microsatellite data. The full list of previously published cytb 
sequences that were used in this study are available in S1, S2 and S4 Tables in [30]. The 
numbers in square brackets are consistent with the References section. The reference not used 
in Reference section is marked by ‘*’ and its full description is given below the table.  
 
Map reference 
(Fig 1B) 
Locality References 
9 Chernobyl Barker et al. 1996* 
1 
4 
32 
90 
91 
98 
Nuijamaa 
Vladimir  
WilczaGóra 
Nagycsány 
VelkéKosihy 
Stebník 
 
 
Haynes et al. 2003 [24] 
121 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
136 
137 
Slano Kopovo 
Mt. Suva planina 
Mt. Komovi 
Mt. Bjelańnica 
Morine 
Mt. Zelengora 
Gacko 
Kupres 
Blidinje 
Tomislavgrad 
Mt. Ńator 
Bosanski Petrovac 
Kranj 
Ljubljana 
 
 
 
 
 
 
Bužan et al. 2010 [29] 
 
79, 84, 86-88 
 
Czech Republic 
Tougard et al. 2013 [72] 
 
22 
29 
58 
Kadyny 
Mikaszówka 
Rzepin 
 
Stojak et al. 2016 [34] 
 
 
 
 
 
Continuation of S2 Table 
10 
25 
37 
41 
47 
50 
51 
52 
53 
140 
Cherkassy 
Miłomłyn 
Popówka 
Włocławek 
Łowicz 
Warka 
Grójec 
Kozienice 
Januszno 
Buchak 
 
 
 
 
Stojak et al. 2015 [30] 
* Barker RJ, van den Bussche RA, Wright AJ, Wiggins LE, Hamilton MJ, Reat EP et al. High 
levels of genetic change in rodents of Chernobyl. Nature. 1996; 380: 707–708. 
 
S3 Table. Diversity indices for samples of Microtus arvalis used in this study for microsatellite analysis including sampling locality with 
geographic coordinates, sample size (n), observed (HO) and expected (HE) heterozygosity, allelic richness (AR) and the inbreeding 
coefficient (FIS). Samples used in the previous study of Stojak et al. [34] are marked by ‘#’. Significant values for FIS are given after Bonferroni 
correction and marked by ‘*’. Only samples with ≥ 5 individuals were used for calculations.  
 
Sampling locality 
Map 
reference 
(see Fig 1B) 
 
Symbol 
 
n 
 
Longitude (E) 
 
Latitude (N) 
 
HO 
 
HE 
 
AR 
 
FIS 
 
Aleksinac, SB 123 ALE 13 21.72 43.54 0.817 0.861 5.86 0.052 
Besenyszög, HU 109 BES 14 20.26 47.30 0.795 0.845 5.91 0.062 
Białowieża, PL 36 BIA 8 23.87 52.70 0.810 0.853 6.24 0.053 
Bližna, CZ 82 BLI 14 14.10 48.72 0.786 0.877 6.54 0.107 
Česky Dub, CZ 77 CZD 13 15.00 50.66 0.788 0.800 5.39 0.015 
Czernogolowka, RU 3 CER 10 38.39 56.01 0.863 0.830 5.66 -0.042 
Kaposvár, HU 113 KAP 14 17.80 46.36 0.723 0.857 6.47 0.162* 
Konin, PL 42 KON 8 18.25 52.22 0.766 0.826 6.23 0.078 
Koprivnice, CZ 92 KOP 14 18.14 49.60 0.893 0.823 5.58 -0.089 
Kubinskoye, RU 2 KUB 14 36.40 55.28 0.770 0.833 5.80 0.079 
Ljubljansko Barje, SLO 118 LJU 14 14.40 45.99 0.759 0.798 5.30 0.050 
Novy Drahov, CZ 81 NDR 15 12.39 50.14 0.774 0.861 6.44 0.104 
Pécs, HU 114 PCS 13 18.23 46.07 0.769 0.857 6.33 0.107 
Reporyje, CZ 78 REP 14 14.17 50.01 0.777 0.830 6.26 0.066 
Sopron, HU 89 SOP 12 16.58 47.68 0.791 0.886 7.01 0.112 
Tiszaszalka, HU 104 TSZ 14 22.31 48.19 0.821 0.915 7.22 0.105 
Urwitałt, PL 26 URW 15 21.64 53.81 0.792 0.843 6.20 0.063 
Vračev Gaj, SB 122 VRG 14 21.32 44.88 0.798 0.867 6.46 0.082 
Wojtkówka, PL 100 WOJ 15 22.56 49.56 0.739 0.893 6.84 0.178* 
Januszno, PL 54 JAN 15 21.51 51.49 0.754 0.857 6.33 0.124* 
Zgierz, PL 45 LOD 7 18.96 51.89 0.893 0.768 4.49 -0.179 
Continuation of S3 Table 
Zielątkowo, PL 68 ZEL 6 16.80 52.55 0.708 0.799 5.71 0.124 
Skwierzyna, PL 63 SKW 12 15.51 52.60 0.667 0.855 6.29 0.228* 
Świdnica, PL 75 SWI 7 16.66 50.91 0.804 0.889 6.59 0.103 
Sochaczew, PL 49 NDM 16 20.24 52.23 0.821 0.889 6.62 0.079 
KrosnoOdrzańskie, PL# 60 KRO 15 14.97 52.24 0.786 0.854 6.28 0.083 
Pułkownikówka, PL# 20 PLK 12 19.28 54.21 0.833 0.853 6.24 0.024 
Pomorze, PL# 28 POM 11 23.38 54.05 0.773 0.836 6.04 0.079 
Bobolice, PL# 15 BOB 6 16.59 53.95 0.667 0.839 5.62 0.221 
Bolewice, PL# 69 BLW 3 16.12 52.40 - - - - 
Cisna, PL# 101 CIS 10 22.33 49.21 0.832 0.888 7.02 0.066 
Darżlubie, PL# 19 DRZ 6 18.33 54.70 0.708 0.816 5.61 0.144 
GórowoIławieckie, PL# 23 GIL 7 20.49 54.29 0.732 0.864 6.43 0.163 
Goszcz, PL# 59 GSZ 3 17.48 51.40 - - - - 
Iława, PL# 24 ILA 5 19.57 53.60 0.925 0.797 4.88 -0.184 
Kryńszczak, PL# 39 KRY 9 22.36 51.99 0.778 0.865 6.44 0.107 
Nurzec, PL# 34 NUR 3 22.43 52.62 - - - - 
RudaRóżaniecka, PL# 57 RRO 5 23.18 50.32 0.825 0.842 6.88 0.022 
Sobibór, PL# 38 SOB 10 23.64 51.48 0.800 0.916 7.47 0.133* 
Świętokrzyski NP, PL# 56 SPN 8 20.91 50.90 0.750 0.828 5.87 0.100 
Świerzawa, PL# 76 SRZ 9 15.89 51.01 0.750 0.825 5.84 0.096 
Trzebieszki, PL# 18 TRB 11 16.62 53.36 0.761 0.865 6.17 0.125 
Wierzchlas, PL# 44 WCH 5 18.11 53.52 0.750 0.881 6.50 0.164 
Wiśniowa, PL# 96 WSN 6 20.09 49.78 0.833 0.797 5.85 -0.050 
Wojsław, PL# 93 WSL 5 21.46 50.26 0.850 0.881 6.13 0.039 
Wschowa, PL# 62 WSH 5 16.32 51.81 0.800 0.892 6.63 0.114 
Zagożdżon, PL# 55 ZAG 3 21.44 51.53 - - - - 
Złocieniec, PL# 16 ZLO 3 16.01 53.53 - - - - 
Żytkiejmy, PL# 27 ZTK 4 22.70 54.35 - - - - 
Bogdaniec, PL# 66 BGD 3 15.07 52.69 - - - - 
 
Continuation of S3 Table 
Międzychód, PL# 67 MDH 9 15.89 52.60 0.847 0.842 5.97 -0.006 
Zielona, PL# 94 ZLN 3 17.95 50.65 - - - - 
CzarnaBiałostocka, PL# 31 CZB 1 23.29 53.30 - - - - 
Krzystkowice, PL# 61 KRZ 1 15.24 51.80 - - - - 
Łochów, PL# 33 LCH 1 21.68 52.53 - - - - 
Przyborów, PL# 43 PBR 2 16.46 51.44 - - - - 
Rajgród, PL# 30 RAJ 1 22.70 53.73 - - - - 
Rogalice, PL# 74 RGL 1 17.61 50.96 - - - - 
Ryjewo, PL# 21 RYJ 1 18.96 53.84 - - - - 
StaryKraków, PL# 14 SKR 2 16.62 54.44 - - - - 
Szprotawa, PL# 70 SPR 1 15.54 51.57 - - - - 
SB-Serbia. HU-Hungary. PL-Poland. CZ-Czech Republic. RU-Russia. SLO-Slovenia 
 
S4 Table. Distribution of nucleotide polymorphisms with data organized by individual 
nucleotides (upper panel) and triplets (lower panel) in the Microtus arvalis cytochrome b 
sequences from newly-collected samples from central Europe. 
 
Codon position 
 
Proportion of 
polymorphic sites 
Number of 
transitions 
Number of 
transversions 
 
First 
Second 
Third 
 
Overall 
 
0.060 (23/380) 
0.008 (3/380) 
0.245 (93/380) 
 
0.104 (119/1140) 
 
 
0.053 (20/380) 
0.005 (2/380) 
0.221 (84/380) 
 
0.093 (106/1140) 
 
0.011 (4/380) 
0.003 (1/380) 
0.21 (8/380) 
 
0.011 (13/1140) 
 
Protein domains 
 
Proportion of 
polymorphic sites 
Number of 
synonymous 
mutations 
Number of        
non-synonymous 
mutations 
 
Transmembrane 
Intermembrane 
Matrix 
 
Overall 
 
0.276 (52/188) 
0.342 (39/114) 
0.359 (28/78) 
 
0.313 (119/380) 
 
0.218 (41/188) 
0.307 (35/114) 
0.295 (23/78) 
 
0.261 (99/380) 
 
0.059 (11/188) 
0.035 (4/114) 
0.064 (5/78) 
 
0.053 (20/380) 
 
 
S5 Table. The microsatellite data obtained in this study for 8 loci of the common vole. The missing data are marked by ‘-9’. 
Tissue 
number 
 
Population 
symbol 
 
Ma25 
  
Ma36 
  
Ma68 
  
MSM6 
  
Ma75 
  
Mag6 
  
Ma29 
  
Moe6 
  
422BK ALE1 127 153 313 313 113 123 151 163 283 285 172 184 209 217 241 241 
475BK ALE10 161 169 319 323 131 133 153 173 279 287 184 199 231 237 249 249 
476BK ALE11 159 161 319 321 115 141 153 173 277 279 166 181 237 249 249 249 
480BK ALE12 159 161 317 323 115 131 151 153 279 279 181 199 231 249 247 247 
487BK ALE13 149 161 303 305 115 115 151 153 287 287 166 172 213 217 243 243 
423BK ALE2 159 169 311 317 123 127 151 153 277 295 172 181 243 245 237 243 
420BK ALE3 149 161 303 305 113 115 153 173 287 297 166 166 217 247 237 243 
469BK ALE4 153 161 321 321 133 139 157 159 275 277 166 184 237 237 227 243 
470BK ALE5 153 161 321 321 133 139 157 159 275 277 166 184 237 237 227 243 
471BK ALE6 153 165 301 305 127 129 151 153 277 283 190 193 227 253 253 253 
472BK ALE7 127 153 313 313 123 133 151 173 283 291 172 184 217 237 239 241 
473BK ALE8 149 163 303 305 113 135 151 173 287 289 166 166 217 247 237 241 
474BK ALE9 161 161 303 321 115 141 153 173 279 287 181 196 231 237 249 249 
313BK BES1 183 197 303 321 127 137 151 153 281 283 166 169 251 253 247 247 
222BK BES10 149 187 307 317 111 117 171 175 275 289 166 169 241 247 243 247 
224BK BES11 177 187 313 313 127 137 151 175 269 269 169 175 241 241 245 247 
225BK BES12 167 167 309 317 111 135 151 175 269 275 169 175 217 257 247 251 
226BK BES13 177 193 313 313 127 137 151 153 283 283 172 187 243 251 233 245 
227BK BES14 149 193 281 311 107 137 151 153 279 279 166 166 241 245 237 241 
316BK BES2 145 193 307 311 107 123 151 165 275 277 166 172 245 249 237 237 
317BK BES3 165 189 309 309 111 135 151 151 275 275 166 166 215 249 243 251 
216BK BES4 157 169 301 303 107 123 151 165 275 275 166 166 237 245 241 245 
218BK BES5 177 193 287 305 117 121 171 175 283 283 166 172 213 247 245 255 
219BK BES6 157 177 287 315 117 117 151 175 283 283 166 172 209 247 245 255 
223BK BES7 149 187 307 315 111 137 169 175 269 275 166 169 217 225 243 247 
314BK BES8 193 197 287 309 121 125 151 171 283 283 166 172 213 247 245 255 
221BK BES9 187 193 313 313 137 137 151 175 275 275 166 178 225 243 233 247 
JS001 BIA1 171 193 305 305 117 127 153 171 279 279 178 178 215 215 239 247 
JS002 BIA2 149 193 309 311 109 115 153 155 291 291 166 178 235 251 247 247 
JS003 BIA3 179 199 313 319 107 107 153 155 279 279 166 166 215 235 255 255 
JS033 BIA4 149 199 307 311 109 109 153 171 279 279 166 184 215 215 249 251 
JS034 BIA5 149 171 307 325 129 133 153 153 285 293 166 178 215 247 251 253 
Continuation of S5 Table 
 
JS035 BIA6 149 171 307 325 129 133 153 153 285 293 166 178 215 247 251 253 
JS071 BIA7 181 199 301 311 109 123 153 153 -9 -9 181 193 243 243 247 247 
JS072 BIA8 169 179 301 311 117 117 151 153 289 295 166 187 243 243 247 249 
621BK BLI1 171 173 285 313 123 125 153 183 271 273 166 166 247 251 239 251 
624BK BLI10 173 181 315 319 117 127 151 171 277 287 166 166 229 239 243 247 
630BK BLI11 163 195 301 309 123 129 163 169 289 301 166 172 227 231 237 245 
631BK BLI12 169 169 301 311 123 123 161 169 287 299 166 172 227 237 241 245 
632BK BLI13 173 185 299 317 127 135 147 183 303 305 166 169 237 251 245 249 
636BK BLI14 189 189 311 319 129 135 173 173 281 303 166 172 237 251 241 245 
622BK BLI2 177 185 309 315 125 129 143 155 273 291 166 172 225 235 249 255 
623BK BLI3 187 195 307 319 113 123 155 163 305 305 166 172 247 253 241 241 
625BK BLI4 171 183 305 313 123 135 145 155 279 287 166 166 227 239 239 249 
626BK BLI5 149 149 313 315 121 123 151 177 277 287 160 172 249 249 239 251 
627BK BLI6 171 183 307 315 121 133 143 161 301 301 160 172 239 247 239 239 
628BK BLI7 171 197 301 309 135 135 145 159 271 277 166 166 235 241 239 239 
629BK BLI8 165 165 309 317 117 123 145 173 293 305 166 172 237 251 241 241 
633BK BLI9 177 195 307 321 135 135 173 175 273 273 166 172 235 243 239 251 
653BK CZD1 161 189 301 305 121 125 177 179 277 277 166 172 227 243 243 251 
659BK CZD10 181 189 283 305 129 135 177 177 287 287 166 166 237 257 249 253 
661BK CZD11 183 189 307 319 127 131 171 173 281 281 172 172 209 239 243 253 
662BK CZD12 183 193 307 317 111 125 169 171 -9 -9 166 172 239 247 251 253 
663BK CZD13 149 161 283 319 111 129 169 173 283 283 166 193 249 251 243 249 
656BK CZD2 173 191 281 305 123 135 169 171 277 285 166 172 243 245 249 249 
660BK CZD3 179 181 317 319 129 135 183 183 283 283 166 172 239 241 243 251 
664BK CZD4 187 187 325 325 111 129 169 173 283 283 190 190 249 251 241 241 
665BK CZD5 173 191 281 305 123 135 169 171 277 285 166 172 243 245 249 249 
654BK CZD6 149 177 325 325 123 135 173 175 279 285 166 166 237 243 241 241 
655BK CZD7 173 189 319 319 125 131 175 175 279 281 166 172 209 251 241 243 
657BK CZD8 193 193 281 319 123 135 145 181 281 281 166 166 241 243 239 253 
658BK CZD9 153 191 303 309 125 127 177 177 283 291 166 172 241 249 249 251 
G5_RU CER1 149 151 307 309 127 131 151 153 277 287 166 175 245 255 241 245 
G32_RU CER10 149 167 301 305 109 119 141 151 279 279 166 175 241 253 245 249 
G6_RU CER2 155 193 319 325 107 119 141 151 279 279 172 175 233 247 241 245 
G7_RU CER3 147 167 299 325 109 109 151 157 277 285 166 175 249 255 245 253 
G8_RU CER4 137 149 293 295 109 119 151 153 277 279 166 172 235 253 237 253 
Continuation of S5 Table 
 
G13_RU CER5 137 149 297 311 119 129 141 151 287 293 166 166 245 251 241 253 
G14_RU CER6 135 149 307 309 107 109 151 151 279 279 172 175 245 247 241 249 
G15_RU CER7 169 183 307 309 123 123 141 153 275 279 175 175 245 249 241 241 
G18_RU CER8 149 169 303 305 119 125 151 151 279 283 172 175 245 253 221 245 
G19_RU CER9 149 163 301 311 109 119 141 157 275 287 166 175 241 255 249 253 
11BK KAP1 145 175 287 301 110 125 153 167 261 293 166 178 237 251 251 251 
7BK KAP10 161 163 305 311 111 125 161 167 261 277 166 166 243 257 253 253 
8BK KAP11 157 183 309 321 125 125 159 167 275 275 166 166 217 235 241 253 
9BK KAP12 153 173 301 327 113 127 151 159 275 275 166 175 239 239 243 245 
19BK KAP13 141 199 311 315 139 145 155 159 291 291 160 172 247 265 231 241 
20BK KAP14 173 181 295 325 127 135 151 159 -9 -9 166 187 217 265 241 251 
12BK KAP2 149 171 301 325 125 133 157 165 279 289 166 166 243 263 243 251 
13BK KAP3 191 203 301 321 109 109 161 165 289 291 166 166 217 245 245 251 
14BK KAP4 179 193 323 329 115 131 153 161 295 295 160 169 217 251 253 259 
16BK KAP5 157 201 301 327 135 139 151 153 275 275 160 166 235 235 229 241 
1BK KAP6 175 201 283 295 121 125 151 153 261 291 166 172 221 251 251 253 
2BK KAP7 149 161 301 315 115 145 149 177 277 277 166 175 239 257 247 253 
3BK KAP8 179 185 311 313 111 129 147 151 277 277 166 166 245 253 239 247 
6BK KAP9 163 201 301 325 119 135 153 159 279 279 166 172 235 249 239 243 
JS063 KON1 141 177 305 309 119 129 151 171 281 283 166 166 237 237 245 245 
JS064 KON2 175 177 305 309 119 129 151 171 265 283 166 172 237 237 241 241 
JS065 KON3 175 177 305 309 119 129 151 171 265 283 166 172 237 237 241 241 
JS066 KON4 149 175 311 333 109 119 151 171 279 281 166 172 237 237 241 241 
JS067 KON5 149 183 309 317 125 127 151 153 277 283 172 172 239 247 253 253 
JS068 KON6 149 175 311 333 109 119 151 171 279 281 166 172 237 237 243 243 
JS069 KON7 149 175 311 333 109 119 151 171 279 281 166 172 237 237 243 243 
JS070 KON8 149 175 311 333 109 119 151 171 279 281 166 172 237 237 243 243 
717BK KOP1 171 175 301 319 115 123 157 175 279 279 166 205 235 243 241 249 
723BK KOP10 151 171 307 307 117 125 157 157 289 289 166 166 229 243 243 255 
724BK KOP11 151 173 311 311 125 129 149 157 273 287 166 172 229 243 249 251 
725BK KOP12 151 175 301 317 117 129 145 171 277 277 166 166 243 249 251 251 
726BK KOP13 151 187 319 325 125 135 149 173 287 287 166 220 243 247 243 243 
727BK KOP14 147 185 289 319 125 131 153 173 283 297 166 172 243 251 245 249 
720BK KOP2 173 187 317 321 125 135 151 163 277 277 166 166 241 241 241 241 
721BK KOP3 173 185 313 319 125 131 155 155 289 297 166 202 243 243 241 247 
Continuation of S5 Table 
 
580BK KOP4 145 147 317 325 125 131 163 173 265 287 166 220 213 241 243 253 
582BK KOP5 147 149 323 337 117 131 163 175 275 283 172 172 231 247 245 249 
583BK KOP6 171 185 309 309 115 125 153 173 283 283 166 166 213 243 251 255 
718BK KOP7 155 193 309 309 121 131 151 175 271 277 166 166 227 245 245 247 
719BK KOP8 151 175 319 319 131 135 149 163 281 281 166 166 245 245 241 241 
722BK KOP9 151 187 313 317 117 123 161 171 291 291 166 172 241 243 247 247 
12-19_RU KUB1 149 177 313 325 109 119 141 153 277 285 166 172 209 233 245 249 
MIS-1D1 KUB10 169 171 301 323 127 141 141 151 279 285 172 175 241 241 243 245 
MIS-1D2 KUB11 149 169 315 321 107 119 141 151 281 289 166 172 217 241 245 245 
MIS-1D3 KUB12 147 169 311 319 107 131 141 165 277 285 166 172 237 253 247 251 
MIS-1D4 KUB13 147 169 303 319 131 141 141 151 277 281 166 172 241 253 245 251 
MIS-1D5 KUB14 157 169 315 321 119 119 141 141 279 285 166 175 241 253 245 251 
12-18_RU KUB2 169 177 301 307 109 121 151 153 277 281 166 172 241 249 247 257 
7_RU KUB3 147 167 303 321 109 131 141 151 277 293 166 166 237 241 243 245 
8_RU KUB4 147 153 301 321 109 125 143 143 277 293 166 172 217 241 245 249 
9_RU KUB5 169 171 319 321 107 107 141 141 281 285 166 172 241 253 245 251 
10_RU KUB6 149 169 301 317 119 127 141 151 279 289 166 175 217 241 243 245 
12-016RU KUB7 167 197 303 341 119 135 141 143 277 289 172 175 241 253 245 245 
12-16RU KUB8 167 197 301 323 119 135 141 141 277 289 172 175 241 253 245 249 
12-17A_RU KUB9 189 205 307 309 109 127 151 151 277 287 166 166 215 217 245 249 
506BK LJU1 187 187 315 317 115 121 143 151 287 287 166 172 213 235 247 249 
519BK LJU10 179 187 273 309 127 135 153 157 269 269 166 166 253 255 247 253 
520BK LJU11 147 147 277 309 125 131 157 157 269 269 166 166 231 253 253 253 
521BK LJU12 179 181 313 319 131 135 157 163 267 267 181 181 253 255 251 253 
522BK LJU13 175 191 317 333 121 137 159 173 277 277 166 166 229 231 229 253 
523BK LJU14 189 191 311 319 131 135 159 159 -9 -9 166 166 229 251 229 251 
507BK LJU2 177 187 307 319 139 143 159 159 277 277 166 166 231 251 253 255 
508BK LJU3 193 199 341 359 127 131 159 161 277 277 166 190 229 253 241 253 
509BK LJU4 149 171 317 317 131 139 159 185 267 267 166 166 241 255 247 253 
510BK LJU5 149 149 309 309 131 131 149 157 277 277 160 166 251 255 251 251 
515BK LJU6 149 149 309 309 131 139 159 167 -9 -9 166 166 241 255 253 255 
516BK LJU7 149 175 317 317 131 143 157 173 267 267 160 178 231 233 247 247 
517BK LJU8 171 177 305 313 129 129 149 163 -9 -9 166 166 231 231 247 253 
518BK LJU9 171 199 317 321 125 129 159 173 177 177 166 166 227 239 231 251 
666BK NDR1 171 183 301 313 123 131 169 175 271 271 166 166 231 245 239 239 
Continuation of S5 Table 
 
672BK NDR10 181 187 305 321 129 129 173 177 277 277 166 166 247 251 247 251 
674BK NDR11 167 191 305 307 123 129 145 161 291 319 166 172 247 247 249 251 
675BK NDR12 177 187 303 315 129 135 151 181 311 311 166 166 245 251 241 255 
676BK NDR13 173 181 301 319 123 131 169 173 271 301 166 166 231 247 251 251 
677BK NDR14 183 195 283 317 127 131 151 177 273 279 187 190 247 247 241 245 
679BK NDR15 177 191 283 295 125 135 155 179 273 285 166 172 243 245 241 251 
667BK NDR2 173 189 317 319 125 131 175 175 279 281 166 172 209 251 241 243 
668BK NDR3 161 183 309 313 123 135 173 177 277 283 166 172 247 247 249 255 
669BK NDR4 191 201 287 299 129 137 151 175 281 283 166 166 241 249 237 249 
670BK NDR5 193 193 301 313 127 131 151 141 281 307 166 166 251 251 251 251 
615BK NDR6 177 189 299 313 123 127 151 163 271 273 166 166 239 249 255 255 
616BK NDR7 167 195 299 309 127 137 151 151 281 307 166 166 239 249 253 253 
617BK NDR8 173 185 309 331 125 127 151 177 271 289 166 199 247 249 247 249 
671BK NDR9 177 185 311 311 131 133 155 171 279 283 166 172 249 249 251 255 
162BK PCS1 157 167 301 313 121 123 163 167 261 261 166 166 233 243 243 247 
170BK PCS10 149 187 301 321 133 135 151 161 289 289 166 172 239 261 245 251 
171BK PCS11 157 167 301 313 121 123 145 161 261 261 166 172 233 243 243 247 
172BK PCS12 149 173 301 321 113 121 161 185 283 285 166 172 209 245 241 245 
173BK PCS13 147 187 301 321 121 133 151 161 283 285 166 172 239 249 245 251 
164BK PCS2 157 165 313 319 113 123 145 163 261 275 166 172 233 243 243 247 
165BK PCS3 157 165 311 313 121 127 145 161 261 261 166 172 233 243 247 253 
166BK PCS4 151 167 313 319 121 127 145 163 261 275 166 172 233 243 239 247 
161BK PCS5 157 167 301 313 121 123 161 165 261 275 166 172 233 243 243 247 
163BK PCS6 157 167 301 317 113 123 151 165 261 261 166 172 243 249 239 243 
167BK PCS7 147 161 321 323 115 115 167 177 261 285 166 166 209 239 247 251 
168BK PCS8 173 187 301 301 121 135 153 185 285 289 157 172 209 239 245 245 
169BK PCS9 157 167 301 313 113 121 145 161 261 275 166 172 233 243 243 245 
555BK REP1 173 179 307 321 131 139 153 179 277 291 166 166 249 265 249 251 
559BK REP10 163 191 319 323 123 131 159 169 281 287 166 172 247 261 247 247 
560BK REP11 163 175 321 321 111 123 153 161 309 309 166 166 245 249 239 243 
561BK REP12 173 179 305 319 131 139 151 179 277 291 166 166 249 265 249 251 
562BK REP13 151 159 299 309 125 125 151 151 279 309 166 166 243 249 237 247 
564BK REP14 177 181 299 333 127 135 159 179 315 315 166 166 247 247 249 249 
563BK REP2 179 183 305 311 111 127 173 175 277 291 166 172 245 247 243 245 
565BK REP3 163 191 319 323 123 131 161 169 281 287 166 172 247 261 247 247 
Continuation of S5 Table 
 
554BK REP6 169 195 299 305 127 131 167 169 299 299 172 172 237 241 243 253 
556BK REP7 179 183 305 311 111 127 173 175 277 291 166 172 245 247 243 245 
557BK REP8 191 195 273 301 123 125 153 153 309 309 166 166 243 249 247 247 
558BK REP9 151 163 315 327 123 125 153 169 291 309 166 172 249 249 243 247 
76BK SOP1 147 155 297 321 125 127 165 165 273 283 166 166 237 237 233 241 
87BK SOP10 149 173 309 311 119 127 151 177 283 285 160 172 225 247 249 249 
88BK SOP11 163 191 315 319 111 111 157 161 289 289 166 172 225 249 239 243 
89BK SOP12 179 191 301 305 119 133 151 153 275 293 166 166 215 225 237 243 
78BK SOP2 143 189 311 313 127 135 157 161 261 297 166 166 243 243 243 245 
79BK SOP3 173 173 301 309 123 127 153 161 283 283 160 172 247 251 253 253 
81BK SOP4 175 193 303 307 119 133 151 153 271 293 166 184 215 249 237 249 
82BK SOP5 181 187 309 313 127 131 143 171 279 283 166 166 237 247 251 251 
83BK SOP6 179 183 311 313 125 131 143 153 279 287 166 172 231 247 243 255 
84BK SOP7 151 189 311 313 131 135 161 165 273 277 166 166 249 249 243 251 
85BK SOP8 147 179 291 303 129 133 159 171 281 281 172 172 249 249 245 249 
86BK SOP9 155 191 307 315 125 125 151 161 269 269 166 166 249 251 221 237 
385BK TSZ1 151 153 301 313 123 137 165 171 289 289 181 199 213 217 245 245 
397BK TSZ10 151 175 307 319 107 111 153 163 209 209 166 172 213 249 243 251 
377BK TSZ11 151 167 303 307 117 117 155 155 209 211 166 166 213 243 243 249 
391BK TSZ12 149 151 303 321 117 133 153 163 289 289 166 166 243 249 241 249 
394BK TSZ13 149 151 303 321 117 133 153 163 289 289 166 166 243 249 241 249 
398BK TSZ14 149 175 303 319 107 107 151 153 261 261 166 181 245 247 241 249 
386BK TSZ2 151 195 303 307 107 123 163 163 -9 -9 169 199 245 247 241 214 
382BK TSZ3 149 175 311 313 107 117 143 161 283 283 166 172 213 251 243 245 
383BK TSZ4 163 165 313 321 119 135 153 173 261 261 166 166 225 249 231 249 
384BK TSZ5 149 151 313 327 119 129 169 175 261 279 166 190 225 249 243 251 
392BK TSZ6 159 199 313 313 119 137 153 171 209 209 166 166 213 213 245 245 
393BK TSZ7 185 187 303 327 119 131 151 173 283 283 166 172 211 249 249 249 
395BK TSZ8 151 151 301 309 119 127 155 175 279 279 166 181 213 249 243 251 
396BK TSZ9 153 175 301 319 107 119 151 153 209 209 172 181 247 249 243 249 
JS120 URW1 155 193 307 321 115 117 149 151 265 281 166 166 215 241 247 249 
JS129 URW10 157 157 285 307 127 127 153 157 263 289 172 193 219 225 225 227 
JS130 URW11 167 195 307 321 115 117 149 153 265 291 166 166 215 235 247 247 
JS131 URW12 171 207 287 305 111 125 163 163 275 285 190 193 225 225 225 227 
JS132 URW13 173 205 301 317 117 127 151 151 275 281 166 172 241 251 245 245 
Continuation of S5 Table 
 
JS133 URW14 173 181 303 321 115 131 151 153 281 281 166 166 215 249 245 249 
JS134 URW15 169 173 301 313 125 131 151 153 291 291 166 172 241 247 245 253 
JS121 URW2 185 191 301 301 121 131 149 151 281 291 166 172 235 247 245 249 
JS122 URW3 177 195 319 321 131 131 151 151 265 265 172 172 215 235 245 247 
JS123 URW4 177 195 299 313 123 127 151 153 275 285 166 181 235 235 247 247 
JS124 URW5 153 167 319 321 115 127 151 153 265 281 166 166 215 235 247 249 
JS125 URW6 155 195 287 321 115 121 151 153 281 291 166 172 215 215 247 247 
JS126 URW7 173 177 299 319 129 131 151 153 281 291 166 166 235 241 249 251 
JS127 URW8 167 173 321 323 115 131 151 153 281 281 166 172 235 249 245 249 
JS128 URW9 173 185 303 321 129 131 151 151 275 275 166 166 215 241 245 251 
428BK VRG10 167 169 285 313 125 133 171 171 261 261 166 166 217 247 249 255 
429BK VRG11 167 169 311 311 125 133 151 161 261 289 166 172 217 247 241 249 
432BK VRG12 153 167 311 315 113 121 171 175 281 281 166 172 247 263 239 245 
435BK VRG13 167 197 313 315 121 129 163 171 275 281 166 172 237 263 245 247 
436BK VRG14 153 167 311 315 121 135 151 171 275 275 166 166 237 247 247 255 
433BK VRG2 149 197 313 315 113 129 153 171 281 281 166 172 253 261 241 247 
434BK VRG3 163 167 305 313 129 135 151 171 279 279 166 172 247 263 239 247 
430BK VRG4 167 197 313 315 121 129 163 171 275 281 166 172 237 263 245 247 
431BK VRG5 153 167 311 315 121 135 151 171 275 275 166 166 237 247 247 255 
424BK VRG6 169 169 287 287 111 133 151 171 289 289 166 166 215 217 249 249 
425BK VRG7 167 185 311 313 125 137 161 171 261 281 166 172 227 247 241 255 
426BK VRG8 169 185 285 313 111 125 151 171 261 289 166 166 215 227 241 249 
427BK VRG9 169 185 285 311 111 125 171 171 261 261 166 172 215 247 249 255 
JS077 WOJ1 147 161 297 303 121 137 151 153 267 281 166 214 237 265 245 247 
JS084 WOJ10 145 149 313 321 121 137 149 151 271 283 178 187 237 241 245 249 
JS085 WOJ11 165 185 303 323 113 127 149 161 277 281 166 166 231 251 247 253 
JS086 WOJ12 149 165 313 319 107 121 151 161 271 297 166 187 229 261 241 249 
JS088 WOJ13 167 181 301 319 121 135 151 161 -9 -9 166 178 241 261 239 247 
JS089 WOJ14 175 189 319 323 127 135 147 187 267 289 166 199 235 241 249 249 
JS090 WOJ15 159 159 293 293 111 113 147 149 -9 -9 181 181 233 239 235 241 
JS075 WOJ2 149 149 319 323 121 137 161 161 277 277 175 178 229 241 245 249 
JS076 WOJ3 175 185 311 323 115 117 151 151 285 285 166 166 229 241 249 249 
JS078 WOJ4 159 169 315 321 123 135 151 161 293 297 166 172 227 235 253 253 
JS079 WOJ5 149 165 297 299 119 129 173 187 283 289 166 175 209 241 251 253 
JS080 WOJ6 147 165 301 303 119 129 173 187 283 289 166 175 209 241 249 251 
Continuation of S5 Table 
 
JS081 WOJ7 175 185 309 317 113 115 151 153 277 283 166 172 243 261 251 251 
JS082 WOJ8 145 149 313 321 121 137 147 151 271 283 178 187 241 241 245 249 
JS083 WOJ9 145 149 307 319 121 137 151 161 283 283 178 187 223 229 249 249 
JS021 JAN1 165 175 299 317 115 115 153 175 273 273 166 166 229 239 237 247 
JS055 JAN10 149 165 291 301 101 115 153 175 287 287 166 202 229 251 237 247 
JS056 JAN11 145 165 289 299 103 115 153 175 287 287 166 208 229 251 237 247 
JS057 JAN12 145 221 315 319 109 119 153 175 277 287 166 184 235 253 247 249 
JS058 JAN13 161 149 317 317 101 133 153 155 273 289 172 184 243 249 235 247 
JS020 JAN14 153 161 309 319 119 119 161 163 279 283 172 175 215 225 245 249 
JS018 JAN15 165 217 311 311 103 103 153 165 285 291 166 178 227 235 249 249 
JS022 JAN2 149 175 301 325 115 125 153 153 283 287 190 193 239 243 251 251 
JS023 JAN3 147 147 -9 -9 117 123 149 153 283 283 166 166 235 241 239 247 
JS043 JAN4 171 177 311 311 109 127 161 163 273 287 166 166 239 243 247 251 
JS044 JAN5 151 175 313 319 115 115 151 159 283 285 166 172 237 239 251 253 
JS045 JAN6 171 175 283 321 109 115 149 175 263 263 166 172 215 251 237 253 
JS046 JAN7 149 149 289 299 125 133 149 151 263 287 166 166 233 243 251 251 
JS047 JAN8 149 151 319 327 117 133 171 177 277 289 166 166 229 233 237 247 
JS054 JAN9 145 149 289 299 119 131 151 151 265 273 166 172 235 235 247 247 
JS015 LOD1 145 171 297 303 131 133 151 171 281 295 166 166 237 237 247 259 
JS016 LOD2 165 193 299 303 129 133 151 171 283 283 166 172 239 251 233 247 
JS017 LOD3 145 151 299 321 125 135 151 173 277 283 166 181 251 251 247 255 
JS041 LOD4 145 189 303 321 129 133 149 151 287 295 166 172 251 251 247 259 
JS042 LOD5 171 197 299 319 131 137 149 179 283 289 166 166 251 251 255 259 
JS013 LOD6 145 171 327 333 117 133 151 175 279 285 166 187 237 251 237 255 
JS014 LOD7 145 151 317 317 111 137 149 159 287 291 166 166 241 251 251 255 
JS005 ZEL1 151 175 307 317 129 135 167 175 281 283 166 166 245 251 247 255 
JS004 ZEL2 181 187 301 313 125 133 169 175 283 283 166 166 233 251 239 247 
JS059 ZEL3 149 183 301 311 127 127 175 175 265 283 166 166 251 251 249 249 
JS060 ZEL4 173 185 311 339 119 123 143 155 273 273 175 190 227 289 237 247 
JS061 ZEL5 165 177 311 323 119 123 145 157 265 283 193 193 233 289 237 247 
JS062 ZEL6 165 189 299 301 123 125 143 163 265 283 190 190 231 291 245 249 
JS105 SKW1 159 175 301 301 129 133 151 151 269 281 172 172 241 251 253 259 
JS106 SKW10 151 189 305 313 133 137 151 151 277 285 166 166 245 245 249 253 
JS112 SKW11 177 189 311 311 133 139 151 177 285 285 166 166 249 249 247 259 
JS113 SKW12 153 159 307 313 127 139 151 151 267 267 166 166 243 245 243 251 
Continuation of S5 Table 
 
JS111 SKW2 173 175 295 303 127 145 151 175 281 281 172 172 245 249 245 249 
JS107 SKW3 171 191 315 329 125 135 151 169 285 289 166 172 239 245 239 245 
JS108 SKW4 171 187 319 319 109 135 151 151 289 293 166 172 227 239 245 249 
JS109 SKW5 171 189 309 313 131 133 151 175 283 289 166 172 239 251 249 251 
JS110 SKW6 169 171 319 329 109 135 151 175 283 289 166 172 239 243 245 247 
JS114 SKW7 149 171 313 313 135 135 151 151 283 285 166 172 241 251 245 245 
JS115 SKW8 185 189 309 327 109 125 151 151 285 293 172 172 237 251 249 249 
JS116 SKW9 149 187 309 313 135 137 173 179 285 289 166 166 249 251 239 245 
JS099 SWI1 181 183 303 329 131 133 145 153 273 289 166 166 237 243 251 251 
JS100 SWI2 183 185 299 303 133 133 151 153 273 279 166 172 237 251 251 253 
JS101 SWI3 151 173 311 311 125 129 151 153 275 283 166 172 239 251 251 257 
JS102 SWI4 149 151 311 323 125 129 153 179 275 285 166 172 247 251 251 257 
JS098 SWI5 181 189 311 319 133 135 151 161 283 289 166 166 239 247 249 249 
JS103 SWI6 189 193 313 323 123 135 155 155 285 301 172 172 217 251 249 249 
JS104 SWI7 181 193 307 315 121 125 155 157 285 299 166 172 245 251 251 257 
JS053 NDM1 145 163 301 313 111 117 151 151 275 275 166 166 231 247 253 255 
JS026 NDM10 145 165 311 317 121 131 149 173 283 291 166 172 245 249 237 249 
JS048 NDM11 145 191 311 315 129 131 161 163 287 289 166 172 219 249 241 247 
JS027 NDM12 165 173 311 315 117 131 149 169 273 281 166 166 235 251 233 257 
JS028 NDM13 147 171 311 321 111 137 151 153 275 275 166 166 217 247 233 249 
JS029 NDM14 149 175 313 315 117 135 151 171 285 285 166 166 235 245 257 259 
JS049 NDM15 145 181 301 311 123 137 151 153 285 287 166 166 243 245 251 255 
JS050 NDM16 145 163 311 315 115 117 153 173 275 281 166 166 247 249 233 249 
JS019 NDM2 175 207 319 325 111 137 153 169 265 291 172 187 239 247 245 255 
JS030 NDM3 149 181 311 311 111 111 151 153 275 275 166 166 241 249 233 233 
JS031 NDM4 145 173 301 305 129 137 151 153 285 287 166 166 227 237 255 257 
JS032 NDM5 169 171 311 323 111 131 153 155 281 283 172 178 241 241 249 255 
JS051 NDM6 149 149 305 325 107 133 145 155 281 295 166 166 231 247 247 247 
JS052 NDM7 145 163 319 323 111 129 171 173 289 289 172 172 249 249 249 257 
JS024 NDM8 145 177 301 313 115 121 149 161 291 291 166 166 249 249 245 247 
JS025 NDM9 145 145 301 313 129 131 149 179 301 301 166 166 221 249 243 245 
78738 KRO1 159 173 301 311 127 133 149 177 281 283 166 166 237 243 249 253 
21373 KRO10 171 179 307 319 127 129 151 173 271 295 166 166 217 227 241 241 
21251 KRO11 151 179 277 299 127 137 177 179 275 289 166 172 249 249 249 253 
21302 KRO12 171 183 303 313 133 137 151 171 281 281 166 166 237 249 249 249 
Continuation of S5 Table 
 
21422 KRO13 175 189 303 329 109 129 169 173 271 289 166 172 241 249 243 243 
21546 KRO14 179 205 301 305 117 129 149 157 269 271 172 202 225 229 225 225 
21610 KRO15 171 199 301 319 125 137 173 173 281 291 166 166 249 251 249 249 
78823 KRO2 173 187 299 317 135 135 149 173 281 293 166 172 249 251 255 255 
79018 KRO4 175 191 309 313 127 131 151 173 277 281 166 166 243 245 245 247 
78822 KRO5 185 185 307 315 123 135 151 151 285 289 166 166 239 249 251 251 
78826 KRO6 175 187 309 311 121 133 151 173 277 281 166 166 217 243 243 249 
78996 KRO7 149 191 313 315 127 127 151 173 281 289 166 166 243 249 245 253 
21307 KRO8 169 181 299 307 127 135 151 171 279 287 166 172 210 227 249 253 
21372 KRO9 169 175 299 327 125 137 171 175 277 291 166 172 245 249 237 249 
43906 PLK1 165 171 305 317 107 117 165 169 265 287 166 166 233 243 229 245 
48649 PLK10 145 191 287 309 135 137 175 175 281 295 166 172 215 243 241 249 
48690 PLK11 149 195 305 327 127 131 151 175 265 275 166 166 239 245 241 243 
48800 PLK12 169 185 301 311 123 131 153 153 275 275 166 166 215 239 239 255 
44997 PLK2 189 191 311 321 131 141 145 153 283 301 166 166 237 245 251 253 
47066 PLK3 153 163 319 319 109 127 151 151 265 265 166 166 215 241 237 239 
48584 PLK4 155 165 339 373 119 127 141 143 273 277 187 202 239 278 245 247 
48611 PLK5 181 185 303 307 123 137 149 151 265 265 166 166 239 241 239 255 
48647 PLK6 175 183 307 327 123 139 151 175 275 281 166 166 241 241 241 243 
48610 PLK7 175 193 309 315 125 129 151 151 275 275 172 172 215 243 239 239 
48630 PLK8 145 187 315 319 123 127 151 175 275 283 166 172 227 241 239 247 
48639 PLK9 161 187 309 311 117 123 151 175 287 287 166 166 239 243 241 243 
29860 POM1 163 165 311 317 117 133 169 169 265 273 166 166 215 247 245 245 
27563 POM10 155 209 297 301 117 127 151 165 273 285 166 166 215 247 255 255 
27570 POM11 183 187 301 331 125 125 153 155 283 285 166 166 221 247 249 257 
29976 POM2 163 165 317 317 117 133 171 171 265 265 166 166 215 215 245 245 
27341 POM3 161 179 309 309 115 115 163 165 275 275 175 175 235 239 219 231 
27372 POM4 177 177 299 309 107 127 151 153 269 283 166 166 215 215 245 245 
27390 POM5 159 177 289 289 121 129 153 153 265 283 193 193 217 247 245 251 
27426 POM6 175 191 307 315 127 145 151 153 265 275 175 193 215 245 247 251 
27236 POM7 165 179 291 299 121 131 163 167 265 265 166 166 215 245 245 245 
27376 POM8 173 177 299 319 115 143 151 165 275 275 166 199 215 221 245 255 
27557 POM9 169 177 291 305 107 117 153 155 273 275 181 196 217 247 251 255 
60856 BOB1 191 205 297 309 121 125 149 151 267 269 181 190 225 233 227 227 
60855 BOB2 211 215 319 333 123 125 163 165 265 269 193 208 223 223 227 229 
Continuation of S5 Table 
 
60876 BOB3 153 157 293 307 125 135 151 151 281 283 166 166 251 253 251 251 
60700 BOB4 149 155 295 317 109 133 151 151 285 291 172 172 215 243 253 267 
60731 BOB5 155 189 295 321 133 135 151 151 269 279 166 172 249 249 239 257 
60875 BOB6 201 211 305 311 113 125 149 159 271 279 190 193 201 233 227 227 
77747 BLW1 183 193 313 315 129 135 149 173 273 273 166 166 241 251 239 251 
77779 BLW2 151 195 313 319 125 133 145 151 277 277 166 166 219 239 249 253 
77891 BLW3 167 193 309 311 125 129 149 175 269 269 166 172 241 251 235 243 
40879 CIS1 169 171 305 319 125 135 151 157 273 281 166 166 227 261 251 253 
40926 CIS10 167 189 293 309 115 115 147 147 261 261 181 181 231 233 233 243 
41223 CIS2 185 195 293 303 109 133 157 175 273 293 166 166 235 251 241 255 
40918 CIS3 193 195 297 303 109 117 151 155 279 279 166 166 239 249 241 249 
40970 CIS4 149 157 293 317 127 135 153 171 261 261 166 178 245 245 221 245 
40785 CIS5 139 157 289 307 -9 -9 159 165 279 279 151 151 283 283 -9 -9 
40788 CIS6 169 187 305 317 115 131 155 155 289 293 166 166 227 241 241 255 
40794 CIS7 169 175 317 319 129 131 153 165 283 293 163 166 213 247 241 255 
40802 CIS8 169 193 301 303 129 131 151 153 279 281 166 172 227 253 231 245 
40914 CIS9 171 187 303 321 133 135 143 149 277 277 166 166 229 249 239 249 
59684 DRZ1 149 179 305 319 123 131 151 153 275 283 166 172 239 249 247 251 
59699 DRZ2 177 177 315 319 121 137 151 153 283 283 166 172 239 249 237 239 
59770 DRZ3 175 183 303 307 123 137 151 151 275 275 166 172 215 253 239 243 
59681 DRZ4 147 177 305 317 123 135 153 153 281 281 166 172 245 249 243 259 
59683 DRZ5 179 179 323 323 135 139 153 153 275 277 172 172 245 253 239 259 
59700 DRZ6 173 173 319 321 127 139 151 151 283 287 172 172 235 251 239 241 
47850 GIL1 165 167 327 327 129 133 151 153 265 275 166 184 235 249 255 255 
48332 GIL2 155 191 311 327 109 125 151 153 265 265 172 199 227 235 237 257 
48334 GIL3 157 163 317 319 117 131 151 153 265 265 166 166 215 227 239 245 
47935 GIL4 159 193 321 327 131 131 153 153 267 279 172 172 215 241 237 249 
47936 GIL5 167 191 307 311 123 133 151 151 267 283 166 166 215 241 239 259 
48333 GIL6 193 195 317 325 123 131 143 151 279 285 172 172 215 227 249 267 
48338 GIL7 159 169 305 319 119 127 151 151 267 269 166 172 215 215 241 245 
89193 GSZ1 181 181 319 321 127 133 149 153 265 281 166 166 241 243 253 253 
89217 GSZ2 187 189 325 327 131 137 147 147 283 305 166 166 227 239 249 253 
89240 GSZ3 153 163 299 305 129 129 147 151 279 283 166 172 247 263 245 245 
38321 ILA1 151 179 305 313 123 137 151 153 265 281 166 166 215 239 239 241 
38322 ILA2 177 181 313 315 123 137 151 151 281 283 166 166 215 239 241 255 
Continuation of S5 Table 
 
38365 ILA3 149 149 305 313 125 127 151 151 277 285 166 166 251 251 237 241 
38475 ILA4 145 181 301 311 123 129 153 153 265 295 166 172 241 241 251 255 
38621 ILA5 145 185 307 309 121 127 167 169 277 277 166 172 243 253 243 251 
101034 KRY1 181 185 301 321 119 123 151 165 263 283 166 178 243 249 243 251 
101335 KRY2 169 179 323 325 133 133 161 171 263 287 178 181 231 243 249 257 
101035 KRY3 169 183 305 315 123 127 153 163 273 283 166 178 221 251 247 247 
101085 KRY4 179 181 297 311 133 137 161 171 265 267 166 166 235 235 237 249 
101221 KRY5 141 159 313 313 127 127 153 171 283 287 166 172 217 217 249 253 
101249 KRY6 181 183 297 313 103 109 163 171 285 287 166 172 231 231 245 249 
101447 KRY7 145 161 299 321 127 131 161 163 277 285 166 166 221 231 237 253 
101522 KRY8 145 177 313 313 133 133 153 161 273 281 178 226 215 235 237 253 
101544 KRY9 145 179 297 321 133 133 153 153 277 277 166 178 215 235 253 253 
100341 NUR1 203 205 293 297 117 117 161 163 287 291 175 175 243 245 245 249 
100432 NUR2 177 177 299 325 109 133 151 163 283 295 166 190 243 243 249 249 
100368 NUR3 177 179 329 333 109 129 153 153 287 291 166 166 237 243 237 253 
92976 RRO1 155 179 303 307 127 141 169 171 279 293 166 187 243 245 245 253 
92991 RRO2 175 179 311 311 113 117 151 169 279 281 166 178 215 237 251 255 
92975 RRO3 183 189 297 301 107 113 151 153 283 283 166 166 237 245 245 255 
93082 RRO4 169 187 295 319 109 111 169 183 267 291 166 175 235 251 249 249 
93246 RRO5 177 177 317 319 105 105 165 169 287 289 175 175 233 233 219 219 
103372 SOB1 165 187 317 319 111 127 169 169 273 293 178 178 233 251 249 251 
103493 SOB10 149 181 307 317 127 129 145 153 269 293 166 169 207 219 249 253 
103494 SOB2 179 193 275 303 109 121 153 175 267 289 172 178 235 251 251 255 
103397 SOB3 195 195 293 309 117 133 161 169 291 293 166 166 215 237 245 247 
103611 SOB4 149 177 299 299 121 131 151 161 275 285 178 184 233 245 245 245 
103345 SOB5 187 189 301 301 117 125 151 179 267 279 166 166 227 235 241 245 
103356 SOB6 187 199 305 305 111 127 149 153 263 267 181 199 219 233 227 227 
103371 SOB7 185 191 307 311 111 121 143 153 283 297 166 169 215 245 245 251 
103398 SOB8 161 193 311 319 117 129 161 179 273 293 169 172 239 245 247 249 
103423 SOB9 181 181 309 317 121 135 153 155 273 293 166 172 237 247 235 237 
37139 SPN1 167 167 313 325 111 131 151 173 263 279 166 166 239 243 247 251 
37147 SPN2 175 197 291 315 101 127 165 173 273 287 166 166 239 247 233 255 
37148 SPN3 179 191 305 323 109 133 153 161 289 289 166 166 217 247 243 259 
37161 SPN4 153 175 291 307 109 115 153 161 273 279 166 172 225 241 237 237 
37258 SPN5 165 183 291 315 101 107 151 153 289 293 166 166 227 235 237 251 
Continuation of S5 Table 
 
37403 SPN6 155 199 317 319 119 123 151 153 263 287 166 172 231 231 239 243 
37610 SPN7 163 175 397 309 115 133 165 165 275 275 175 175 233 233 219 219 
38044 SPN8 177 199 319 323 109 115 153 161 285 293 172 181 235 235 237 253 
44821 SRZ1 181 187 315 319 109 133 151 155 279 281 166 172 217 251 251 251 
45054 SRZ2 189 191 313 313 127 141 145 151 287 301 166 166 241 249 247 251 
46997 SRZ3 189 191 311 323 131 141 145 151 283 301 166 166 237 245 251 253 
44839 SRZ4 181 181 317 323 127 133 151 151 277 283 166 172 227 239 245 247 
44844 SRZ5 189 191 311 323 139 141 147 151 279 301 166 172 241 249 243 251 
44958 SRZ6 189 191 305 309 127 141 147 151 283 301 166 166 241 245 243 247 
45298 SRZ7 189 189 313 323 139 141 145 151 287 303 166 166 237 241 243 251 
45315 SRZ8 171 187 315 317 109 139 151 151 277 277 166 172 245 249 251 253 
45347 SRZ9 149 185 303 311 127 127 151 153 277 301 166 166 237 249 251 251 
61073 TRB1 187 193 313 321 121 129 171 171 283 285 172 172 239 251 239 257 
61157 TRB10 151 177 291 303 129 133 173 175 275 283 166 166 239 251 245 255 
61260 TRB11 157 193 307 317 125 135 149 175 275 277 166 172 237 251 241 253 
61076 TRB2 151 177 305 317 121 129 151 153 283 289 166 172 241 245 249 251 
61204 TRB3 177 177 311 315 121 135 151 171 283 293 166 172 237 239 253 257 
61096 TRB4 153 185 311 317 125 133 151 177 291 291 166 166 249 251 247 259 
61098 TRB5 173 187 311 327 111 121 171 173 269 275 166 166 241 247 247 249 
61142 TRB6 153 173 303 309 109 131 149 169 277 291 166 166 237 239 245 257 
61144 TRB7 147 149 305 305 135 135 169 171 285 293 166 172 239 241 245 247 
61145 TRB8 153 183 313 315 121 125 171 179 281 287 166 166 235 253 245 257 
61146 TRB9 151 151 309 309 127 129 151 151 281 285 166 166 251 251 251 251 
39069 WCH1 163 175 333 361 121 123 143 155 271 277 211 214 223 223 243 249 
39187 WCH2 153 179 307 307 125 135 151 161 283 295 172 172 237 237 233 253 
39197 WCH3 169 179 301 313 133 133 157 159 289 289 175 175 233 241 219 231 
38931 WCH4 173 187 313 317 117 127 151 153 287 287 166 166 237 241 237 257 
38965 WCH5 149 149 287 311 125 137 169 183 283 283 172 172 237 251 239 255 
92389 WSN1 147 157 303 305 119 133 175 187 283 293 166 175 217 237 239 259 
92391 WSN2 177 193 301 321 119 125 153 175 283 293 166 166 215 235 239 239 
92422 WSN3 183 193 309 317 109 125 151 157 277 283 166 199 215 237 243 255 
93602 WSN4 181 189 313 325 111 135 151 159 265 281 184 184 229 243 243 259 
92423 WSN5 179 181 317 321 127 139 157 157 293 293 175 193 215 215 241 241 
92492 WSN6 175 179 315 325 119 119 159 161 283 283 166 190 215 215 239 243 
93472 WSL1 179 197 285 315 125 125 149 163 269 271 175 175 225 235 223 225 
Continuation of S5 Table 
 
93534 WSL2 179 197 317 317 117 119 151 153 277 291 172 184 237 245 243 257 
93539 WSL3 147 161 321 323 115 117 149 159 283 291 166 172 243 251 251 257 
93448 WSL4 195 195 305 307 113 125 157 167 267 267 175 175 227 235 -9 -9 
93449 WSL5 173 177 319 323 109 119 151 153 289 289 166 175 237 237 239 249 
77077 WSH1 183 185 311 317 129 131 149 169 281 287 166 166 241 251 251 253 
77206 WSH2 195 195 311 333 119 133 151 179 275 283 166 166 237 239 253 253 
77055 WSH3 183 195 309 329 111 125 151 151 265 265 166 166 217 237 239 253 
77231 WSH4 151 183 307 319 115 131 151 151 271 281 166 172 237 251 251 251 
77298 WSH5 171 171 311 321 131 131 151 179 279 301 166 166 227 243 243 243 
101696 ZAG1 173 179 313 319 117 117 161 177 279 279 166 169 215 227 237 249 
101753 ZAG2 149 181 319 319 125 125 153 159 267 279 166 175 241 243 247 247 
102145 ZAG3 145 173 311 323 133 133 161 173 287 293 166 181 235 253 249 255 
61143 ZLO1 151 177 305 307 131 133 149 171 279 281 172 172 239 251 245 255 
61205 ZLO2 151 173 313 319 127 129 149 173 287 293 166 172 237 241 247 259 
68749 ZLO3 153 157 299 301 131 131 151 151 275 298 166 166 241 245 243 245 
30564 ZTK1 165 167 309 311 131 131 153 167 275 275 175 175 235 239 219 233 
30689 ZTK2 155 185 299 327 125 129 139 151 281 281 166 181 215 247 253 255 
30842 ZTK3 155 155 317 321 123 125 151 153 273 275 172 187 215 251 233 253 
30175 ZTK4 157 165 311 315 129 139 151 153 275 291 166 184 247 249 245 249 
71501 BGD1 163 187 315 325 129 135 145 151 273 285 166 172 247 251 245 245 
71569 BGD2 183 193 299 307 127 131 149 167 277 279 166 166 247 249 243 243 
71589 BGD3 165 187 311 319 129 133 151 173 285 289 166 166 241 251 243 243 
69767 MDH1 185 187 309 311 129 133 149 173 283 291 166 166 227 241 247 259 
69820 MDH2 183 189 305 327 125 135 149 169 291 291 166 166 227 251 245 249 
69821 MDH3 183 185 307 309 125 127 151 177 283 293 166 166 241 249 233 251 
69891 MDH4 183 197 295 313 125 133 173 175 285 287 166 172 241 251 243 257 
69893 MDH5 183 193 301 317 125 131 149 185 287 291 166 166 227 249 247 247 
69941 MDH6 189 189 313 323 129 139 149 173 277 291 166 166 239 247 237 253 
69998 MDH7 147 187 291 309 133 133 151 151 279 281 166 166 249 251 247 247 
69999 MDH8 153 185 311 317 125 133 151 177 291 291 166 166 249 251 247 247 
70025 MDH9 153 191 299 313 129 129 151 177 281 281 166 172 237 243 245 257 
88148 ZLN1 159 159 307 317 129 129 151 159 281 281 166 172 227 239 245 255 
88204 ZLN2 151 167 297 319 115 125 151 163 283 299 166 166 243 247 259 259 
88246 ZLN3 153 163 319 319 127 129 149 159 283 285 166 166 229 241 245 257 
43763 CZB1 159 159 315 319 117 147 169 171 283 291 166 166 219 251 245 247 
Continuation of S5 Table 
 
56687 KRZ1 175 179 299 311 133 135 147 167 273 289 166 166 243 251 251 251 
100504 LCH1 183 199 309 323 121 125 149 171 265 267 166 184 237 251 249 257 
28 PBR1 186 195 301 315 123 137 151 169 275 283 166 166 227 251 249 251 
56524 PBR2 169 175 303 323 109 131 173 173 281 281 166 166 249 251 247 249 
39456 RAJ1 181 191 301 309 117 117 151 153 275 275 166 187 215 219 245 249 
88621 RGL1 185 185 271 307 129 137 153 173 277 281 166 172 239 247 249 255 
43943 RYJ1 149 149 305 309 123 127 151 175 275 275 166 166 247 247 243 257 
60534 SKR1 147 147 303 315 133 139 151 151 275 289 172 172 215 245 253 255 
60566 SKR2 155 155 317 321 131 135 151 151 269 269 166 166 243 243 247 247 
79953 SPR1 149 195 313 327 125 129 151 169 277 277 166 172 245 251 243 249 
 
 
 
S6 Table. Characteristics of loci used in the microsatellite analysis of the whole Microtus 
arvalis dataset including observed (HO) and expected (HE) heterozygosity and null 
alleles. 
 
Locus HO HE Null Alleles 
Ma25 0.903 0.925 No 
Ma36 0.880 0.920 No 
Ma68 0.874 0.891 No 
MSM6 0.823 0.839 No 
Ma75 0.671 0.881 No 
Mag6 0.535 0.581 No 
Ma29 0.861 0.887 No 
Moe6 0.759 0.874 Yes 
 
S7 Table. Estimates of multilocus FST between all population pairs of Microtus arvalis based on microsatellites. Population labels are given 
according to Table S3. Significant values are given after Bonferroni correction and marked by ‘*’. 
 
  
  BES   BIA   BLI   BOB   CER   CIS   CZD   DRZ   GIL   ILA   JAN   KAP   KON   KOP   KRO   KRY   KUB   LJU   LOD 
 
ALE 
BES 
BIA 
BLI 
BOB 
CER 
CIS 
CZD 
DRZ 
GIL 
ILA 
JAN 
KAP 
KON 
KOP 
KRO 
KRY 
KUB 
LJU 
 
  
0.0710*  0.0566  0.0499*  0.0662  0.0682*  0.0503  0.0620*  0.0707  0.0581*  0.0850  0.0619*  0.0607*  0.0762*  0.0821*  0.0508*  0.0446  0.0577*  0.0773*  0.1043 
  0.0606*  0.0611*  0.0543  0.0591*  0.0470*  0.0734*  0.0728*  0.0287  0.0751  0.0574*  0.0539*  0.0294  0.0690*  0.0456*  0.0318  0.0548*  0.0569*  0.0679 
   0.0449  0.0541  0.0693  0.0238  0.0765  0.0329  0.0355  0.0812  0.0534*  0.0314  0.0446  0.0678  0.0382  0.0145  0.0438  0.0552  0.0937 
    0.0098  0.0654*  0.0344  0.0501  0.0274  0.0225  0.0654  0.0351*  0.0139  0.0385  0.0511*  0.0278  0.0213  0.0580*  0.0719*  0.0656 
     0.0744  0.0441  0.0608  0.0146 -0.0010  0.0870  0.0512  0.0194  0.0481  0.0722  0.0343  0.0306  0.0565  0.0907  0.1019 
      0.0527  0.0513  0.0919  0.0650  0.0559  0.0501  0.0659*  0.0686  0.1091*  0.0612  0.0548*  0.0670*  0.0872*  0.1199 
       0.0587  0.0253  0.0247  0.0657  0.0212  0.0251  0.0271  0.0474  0.0255  0.0105  0.0523*  0.0581  0.0883 
        0.0821  0.0652*  0.0812  0.0740*  0.0680  0.0695  0.0999*  0.0565  0.0486  0.0752*  0.0922*  0.0783 
        -0.0092  0.0765  0.0278  0.0197  0.0450  0.0738  0.0274  0.0158  0.0372  0.0828  0.1204 
          0.0570  0.0256 -0.0002  0.0237  0.0459  0.0131  0.0142  0.0272  0.0400  0.0766 
           0.0126  0.0629  0.0678  0.0879  0.0586  0.0577  0.0848  0.0628  0.1204 
            0.0255  0.0415  0.0716*  0.0441*  0.0272  0.0631*  0.0640*  0.0967 
             0.0247  0.0645*  0.0244  0.0193  0.0565*  0.0635*  0.0824 
              0.0471  0.0187 -0.0062  0.0369  0.0364  0.0799 
               0.0463  0.0424  0.0644*  0.0697*  0.0853 
               -0.0009  0.0392*  0.0449*  0.0759 
                 0.0197  0.0450  0.0711 
                  0.0694*  0.1064* 
                   0.0782* 
 
 
 
 
 
 
 
Continuation of S7 Table 
  
MDH NDM NDR PCS PLK POM REP RRO SKW SOB SOP SPN SRZ SWI TRB TSZ URW VRG WCH 
 
ALE 
BES 
BIA 
BLI 
BOB 
CER 
CIS 
CZD 
DRZ 
GIL 
ILA 
JAN 
KAP 
KON 
KOP 
KRO 
KRY 
KUB 
LJU 
LOD 
MDH 
NDM 
NDR 
PCS 
PLK 
POM 
REP 
RRO 
SKW 
SOB 
SOP 
SPN 
SRZ 
SWI 
TRB 
TSZ 
URW 
VRG 
 
  
 0.0609*  0.0387*  0.0504*  0.0617*  0.0541*  0.0639*  0.0619*  0.0557  0.0620*  0.0449  0.0408*  0.0565  0.0591  0.0363  0.0405*  0.0486*  0.0492*  0.0552*  0.0390 
 0.0364  0.0446*  0.0404*  0.0318*  0.0414  0.0372  0.0543*  0.0266  0.0114  0.0262  0.0395  0.0439  0.0411  0.0318  0.0538*  0.0318  0.0434*  0.0260  0.0279 
 0.0505  0.0316  0.0228  0.0487  0.0301  0.0220  0.0472  0.0195  0.0200  0.0342  0.0276  0.0594  0.0387 -0.0051  0.0139  0.0143  0.0358  0.0433  0.0332 
 0.0468*  0.0368*  0.0375*  0.0327  0.0193  0.0468*  0.0246  0.0199  0.0394  0.0256  0.0177  0.0479  0.0409*  0.0181  0.0468*  0.0217  0.0414  0.0124  0.0270 
 0.0671  0.0439*  0.0410  0.0405  0.0391  0.0499  0.0344  0.0149  0.0470  0.0369  0.0184  0.0605  0.0325  0.0225  0.0539  0.0321  0.0621  0.0209  0.0283 
 0.0800  0.0558*  0.0632*  0.0459  0.0610*  0.0800*  0.0738  0.0742  0.0562*  0.0420  0.0398  0.0661*  0.0528  0.0527  0.0619*  0.0476*  0.0543*  0.0608*  0.0584 
 0.0384  0.0362*  0.0275  0.0464*  0.0220  0.0307  0.0358*  0.0054  0.0239  0.0172  0.0146  0.0654  0.0526  0.0086  0.0258  0.0184  0.0277  0.0242  0.0192 
 0.0636  0.0704*  0.0499  0.0592  0.0618*  0.0719  0.0613  0.0637  0.0625  0.0604  0.0499  0.0695  0.0618  0.0508  0.0660*  0.0665*  0.0562*  0.0366  0.0525 
 0.0561  0.0387  0.0277  0.0564  0.0316  0.0471  0.0239  0.0294  0.0384  0.0354  0.0134  0.0873  0.0667  0.0160  0.0508  0.0383  0.0525  0.0236  0.0400 
 0.0316  0.0252  0.0119  0.0307  0.0235  0.0304  0.0252 -0.0075  0.0141  0.0197  0.0061  0.0585  0.0346  0.0126  0.0292  0.0191  0.0407  0.0126  0.0277 
 0.0759  0.0587  0.0560  0.0588  0.0703  0.0706  0.0732  0.0780  0.0660  0.0499  0.0397  0.0858  0.0686  0.0467  0.0771  0.0577  0.0479  0.0476  0.0664 
 0.0504  0.0308*  0.0416*  0.0422  0.0473*  0.0586*  0.0374  0.0350  0.0448*  0.0320  0.0149  0.0791*  0.0456  0.0259  0.0411*  0.0288  0.0376*  0.0301*  0.0381 
 0.0498*  0.0427*  0.0299*  0.0470  0.0252  0.0416*  0.0304  0.0112  0.0370*  0.0249  0.0100  0.0754*  0.0447*  0.0160  0.0509*  0.0212  0.0396*  0.0212  0.0426 
 0.0213  0.0388  0.0170  0.0133  0.0148  0.0305 -0.0058  0.0172  0.0277  0.0158  0.0130  0.0575  0.0236  0.0065  0.0376*  0.0285  0.0195  0.0186  0.0340 
 0.0631*  0.0604*  0.0593*  0.0603*  0.0589*  0.0709*  0.0675*  0.0549  0.0626*  0.0589*  0.0561*  0.0746  0.0777*  0.0454  0.0701*  0.0490*  0.0647*  0.0539*  0.0698 
 0.0422*  0.0446*  0.0314*  0.0359  0.0213  0.0253  0.0194  0.0187  0.0310  0.0293  0.0257  0.0428  0.0378  0.0114  0.0425*  0.0231  0.0301  0.0224  0.0390 
 0.0286  0.0371*  0.0193  0.0226  0.0029  0.0254*  0.0027  0.0073  0.0163  0.0105  0.0043  0.0335  0.0201 -0.0103  0.0085  0.0169  0.0090  0.0102  0.0095 
 0.0485*  0.0442*  0.0411  0.0539  0.0402*  0.0451*  0.0369*  0.0364  0.0496*  0.0488*  0.0254  0.0751*  0.0553*  0.0352  0.0476*  0.0437*  0.0565*  0.0494*  0.0475 
 0.0415  0.0588*  0.0422*  0.0447*  0.0538*  0.0419*  0.0497*  0.0390  0.0301*  0.0327  0.0452*  0.0500  0.0259*  0.0466  0.0559*  0.0471*  0.0561*  0.0468*  0.0726 
 0.0385  0.0948*  0.0821*  0.0805*  0.0692  0.0688  0.0810*  0.0964  0.0709  0.0716  0.0751  0.0976  0.0867  0.0827  0.0921  0.0764*  0.0960*  0.0447  0.0991 
  0.0317  0.0334  0.0423  0.0294  0.0252  0.0293  0.0343  0.0368*  0.0340  0.0213  0.0788  0.0387*  0.0207  0.0396  0.0313  0.0542*  0.0210  0.0434 
   0.0110  0.0306  0.0293  0.0337  0.0428*  0.0374  0.0356  0.0299  0.0233  0.0543*  0.0440  0.0036  0.0309*  0.0137  0.0319  0.0319*  0.0183 
    0.0196  0.0104  0.0257  0.0325  0.0192  0.0270  0.0180  0.0192  0.0460  0.0313 -0.0033  0.0244  0.0200  0.0253  0.0105  0.0095 
     0.0110  0.0414  0.0258  0.0377  0.0281  0.0107  0.0303  0.0307  0.0189  0.0230  0.0415*  0.0303  0.0243  0.0178  0.0321 
      0.0097  0.0215  0.0232  0.0309  0.0147  0.0216  0.0359  0.0324*  0.0062  0.0347*  0.0178  0.0197 -0.0010  0.0273 
       0.0270  0.0046  0.0255  0.0349  0.0296*  0.0426  0.0386*  0.0118  0.0398*  0.0255  0.0387*  0.0266  0.0373 
        0.0228  0.0406*  0.0323  0.0180  0.0684*  0.0355  0.0191  0.0350*  0.0348*  0.0335  0.0211  0.0510 
        -0.0134  0.0169  0.0017  0.0394  0.0069  0.0047  0.0207  0.0122  0.0224  0.0210  0.0152 
          0.0016  0.0240  0.0293  0.0101  0.0118  0.0264  0.0162  0.0303  0.0193  0.0135 
           0.0091  0.0230  0.0185  0.0095  0.0305  0.0076  0.0240  0.0103  0.0208 
            0.0559  0.0208  0.0103  0.0300*  0.0075  0.0249  0.0141  0.0176 
             0.0253  0.0295  0.0611*  0.0511  0.0364  0.0389  0.0333 
              0.0197  0.0341*  0.0332  0.0336  0.0298  0.0334 
              -0.0014  0.0035  0.0088  0.0099  0.0040 
                0.0182  0.0364*  0.0340*  0.0163 
                 0.0275  0.0148  0.0122 
                  0.0325*  0.0335 
                   0.0149 
 
 
Continuation of S7 Table 
  
  WOJ   WSH   WSL   WSN   ZEL 
ALE 
BES 
BIA 
BLI 
BOB 
CER 
CIS 
CZD 
DRZ 
GIL 
ILA 
JAN 
KAP 
KON 
KOP 
KRO 
KRY 
KUB 
LJU 
LOD 
MDH 
NDM 
NDR 
PCS 
PLK 
POM 
REP 
RRO 
SKW 
SOB 
SOP 
SPN 
SRZ 
SWI 
TRB 
TSZ 
URW 
VRG 
WCH 
WOJ 
WSH 
WSL 
WSN 
 0.0363*  0.0312  0.0608  0.0820  0.0841* 
 0.0406*  0.0327  0.0355  0.0590  0.0571* 
 0.0281  0.0216  0.0348  0.0664  0.0611 
 0.0280*  0.0145  0.0410  0.0398  0.0522* 
 0.0303  0.0165  0.0601  0.0429  0.0422 
 0.0429*  0.0419  0.0510  0.0964  0.0935 
 0.0105  0.0132  0.0240  0.0405  0.0529 
 0.0309  0.0518  0.0799  0.0897  0.0781 
 0.0209  0.0025  0.0621  0.0204  0.0398 
 0.0159 -0.0205  0.0381  0.0270  0.0172 
 0.0497  0.0334  0.0861  0.0923  0.0811 
 0.0287*  0.0146  0.0523  0.0505  0.0536 
 0.0289  0.0125  0.0389  0.0265  0.0397* 
 0.0304  0.0174  0.0415  0.0266  0.0283 
 0.0682*  0.0451  0.0789  0.0925*  0.0815 
 0.0248  0.0066  0.0360  0.0233  0.0344 
 0.0065 -0.0013  0.0216  0.0159  0.0381 
 0.0455*  0.0390  0.0714  0.0583  0.0667 
 0.0437*  0.0177  0.0263  0.0795  0.0424 
 0.0843  0.0635  0.0649  0.1288  0.0662 
 0.0338*  0.0270  0.0441  0.0617  0.0472 
 0.0304*  0.0133  0.0417  0.0557  0.0515 
 0.0170 -0.0088  0.0405  0.0313  0.0205 
 0.0282  0.0098  0.0288  0.0511  0.0313 
 0.0225  0.0080  0.0167  0.0298  0.0436 
 0.0402*  0.0124  0.0189  0.0471*  0.0413 
 0.0300  0.0130  0.0542  0.0149  0.0273 
 0.0127  0.0172  0.0278  0.0474  0.0499 
 0.0164  0.0145 -0.0064  0.0348  0.0265 
 0.0054 -0.0031 -0.0030  0.0366  0.0305 
 0.0132 -0.0032  0.0288  0.0197  0.0295 
 0.0362  0.0281  0.0202  0.0973  0.0779 
 0.0169  0.0109  0.0248  0.0588  0.0324 
 0.0100 -0.0081  0.0356  0.0194  0.0385 
 0.0218  0.0166  0.0418  0.0618  0.0517* 
 0.0144 -0.0037  0.0162  0.0417  0.0408 
 0.0207  0.0193  0.0490  0.0391  0.0540 
 0.0187 -0.0052  0.0237  0.0171  0.0115 
-0.0044 -0.0098  0.0475  0.0440  0.0510 
  0.0048  0.0216  0.0289  0.0344 
   0.0192  0.0107  0.0029 
    0.0707  0.0410 
     0.0286 
 
